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Abstract

We have measured the kinetic energy release distributions for unimolegutzssdrom singly and multiply charged endohedral LaggCand
La@ Gt ions for charge states= 1-3. Using finite heat bath theory, we deduce the dissociation energies for logsTdfeCcharge statehas
no statistically significant effect on the dissociation energies. The dissociation energies of endohedral fullerene ions are larger tharethose of tr
corresponding empty fullerene ions by a few tenths of an electron volt, but the differences are barely statistically significant. The smadidifferenc
also imply that the complexation energies of La@@ndLa@GC, _,** are identical within the experimental errors, for 80 and 82 and all charge
states.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction La@Gg2 is one of the prototypical metallofullerenes. It was
among the first metallofullerenes to be isolaf&8]; since then
Two decades after the discovery of endohedral fuller§ties it has been characterized by a variety of physical methods (see
research into their fascinating properties continues unabated (ff2—5,14] and references therein). It has also been subject of
recent reviews, seR-5]). For example, endohedrabi®Csg  several investigations in the gas phg$6—24] In several of
has been prepared by organic synthdéis The quantized these studies, decay channels for highly excited Lags@d
rotational motion of G in the “fullerene quantum gyroscope” La@Gg,* were characterized, such as electron emisEl®j,
CoSo@Cgq has been spectroscopically resolyél as has the fragmentatiorj16—21,23] and radiatiorj22]. However, in only
vibrational motion of the Lamolecule caged in La@Cgg [8]. one of these studieR4] it was attempted to determine the
Trimetallic nitride clusters MN@GCgg have been isolated with stability of La@Gy" in a quantitative way, by measuring the
surprisingly large yields for a variety of group 3 and rare-earthactivation energy, or “dissociation energ®“for the reaction:

metals (se§9—12], and references therein). M@C,* — M@C, o* +Cp— D(M@C,") (1)
-2 2 — .

Surprisingly, the value fob(La@Gg,") was found to exceed

* Corresponding author. Tel.: +1 603 862 3548; fax: +1 603 862 2998.  the dissociation energh(Cgz") of the empty fullerene,
E-mail addresses: olof.echt@unh.edu (O. Echt), timann.maerk@uibk.ac.at

(T.D. Mark). C,t— Cy_2"+Co—D(C,™) (2)

Y .
R Deceased. o by 2.2eV, or 26%. An even larger difference of 5.3eV was
Guest professor at the University of Innsbruck, Permanent address: Depart-

. + g -
ment of Physics, University of New Hampshire, Durham, NH 03824, USA. obtained for Th@g". These fmdmgs co'ntrast Wlth results

2 Also adjunct professor at the Department of Experimental Physics, unifor other metallofullerene$24—-26] according to which the
verzita Komenskeho, 84248 Bratislava 4, Slovak Republic. dissociation energies of filled and empty fullerenes are iden-

1387-3806/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2005.11.022


mailto:la@cn

S. Feil et al. / International Journal of Mass Spectrometry 249-250 (2006) 396—402 397

tical within the experimental uncertainties of, typically, 1 eV or out in o-dichlorobenzeneotDCB) solution in the presence of

less. n-BUNCIO;, (3.0 x 10-2 M) for selective reduction of metallo-
The values of the dissociation energies have implications fofullerenes into their anions, which left the empty fullerenes in

the complexation energy (also termedbilization or embed- the neutral state. The metallofullerene anions were then selec-

ding energy) which is defined as: tively extracted by a mixture of acetone/g8olume ratio~4:1)
N N + and oxidized by a moderate oxidant CHHCDOH into their
M™ +C, - M@C,™ — Ecmpx(M@GC, ™). () neutral state that precipitated from the solvent. Mass spectro-

scopic and high performance liquid chromatography (HPLC)
analyses on the precipitate of metallofullerenes thus separated
indicate that most of the abundant empty fullerenes have been

Ecmpix Will be negative if reaction(3) is exothermic. From a
thermodynamic cycle, one h§6]:

D(M@C,*) - D(C,™) removed from the sample. The mixture of metallofullerenes
n n was dissolved in toluene for HPLC separation. A PYE column

= ~Ecmp(M@C, ") + Ecmp(M@C,y —27) (@ 20 mmx 250 mm, eluant-toluene, room temperature, flow
= —AEcmpIx(M@Cn+) 4) rate 10 mL/min) was employed for the separation of our target

La@Ggo. As confirmed by HPLC and mass spectroscopic anal-
Thus, a measurement of dissociation energies providedithe yses the La@g» sample thus obtained is almost free of larger
ferential complexation energyMEcmpix- A large positive value  monometallofullerenes La@Gn > 84).
for D(La@Gg2*) — D(Cg2") would imply that a caged La atom

stabilizes G2" much more strongly thandg". 2.2. Mass spectra and MIKE scans

A potential problem in the mass spectrometric studies,
which rely on an accurate determination of the kinetic energy The apparatus consists of a high resolution double-focusing
released in reactior{$) or (2), is the occurrence of isotopomers. mass spectrometer (Varian MAT CH5-DF) of reversed Nier-
Although a high resolution double-focusing mass spectrometejohnson type BE1 geometry combined with a second electro-
can easily resolve stable isotopomers of different nominal massgatic analyzer E227,33] The fullerene sample was, without
amass-analyzed ionkinetic energy (MIKE) scan may be affecterther treatment, evaporated into a vacuum of aboaf Torr
by contributions from parentions of adjacent masses. Evenifthigom a temperature-controlled oven operating at 880The
problem were avoided, the metastable fragment ion peak mayfysive beam is intersected by an electron beam. An electron
contain contributions from different isotopomers, especially ifenergy of 120 eV and a current of 1 mA were used in experiments
the kinetic energy release is large. This would lead to an ovelinyolving cations. Anions were formed by electron attachment
estimate of the kinetic energy release (KER), and thus of thgt 7 ev. The resulting ions are extracted perpendicular to the
dissociation energy. fullerene and electron beams and accelerated into the mass

As illustrated in recent publicatiorf26-30] the problems  spectrometer withi/acc=3KkV. lons passing through the first
can be avoided if the double-focusing mass spectrometer ife|d-free region are momentum-analyzed by a magnetic sec-
combined with a second electrostatic analyzer. In the preseféy field B, enter a second field-free region (ff2), pass through
work, we use such an instrument to measure MIKE spectra 9@ electric sector field (E1), enter a third field-free region
of singly and multiply charged La@g™* and La@Gz™" for (i3, length 92 cm), pass through another electrostatic sector field
z=1-3. From these data, we determine the dissociation enefe2), and are detected by an electron multiplier. Referenced to
gies for G loss. In agreement with earlier work, we find that the the time of their formation, g* parent ions traverse ff3 during
charge statehas no statistically significant effect on the dissoci-the time interval 7us < # < 91us. The corresponding times for
ation energies. The difference in dissociation energies betweedther jons of mass: (in atomic units) and charge stateare
filled and empty fullerenes is, in all cases, less than 1eV. Fopptained by multiplying with/m/72.

La@Gs,", in particular, it is only 0.5- 0.6 eV. Mass-analyzed ion kinetic energy (MIKE) spectra of ions
that undergo spontaneous decay in ff3 are analyzed by tuning

2. Experiment and data analysis the magnet and first electric sector field to transmit the parention
(massmyp), and scanning the sector field voltage of E2. In this

2.1. Sample preparation mode, B and E1 constitute a double-focusing high resolution

mass spectrometer, and E2 will transmit fragment ions (mass
The production and rough separation of La-metallofullerenes:;) formed in ff3 if the sector field voltag#s is set to:

have been published previoudly1,32] Briefly, the soot con- ms
taining the metallofullerenes was generated by DC arc disls = ;Up (5)
charge method. A composite graphite rod (La/C atomic ratio: P
0.8%; @ 4.6 mnmx 130 mm, Tokyo Tenso Co.) was vaporized  This relation also holds for multiply charged parent ions pro-
under 150 Torr flowing He atmosphere. The mixture of met-vided the charge stateof the fragment ions equals that of the
allofullerenes and empty fullerenes was extracted from thgarentions. The MIKE spectra, together with scans of the parent
soot by 1,2,4-trichlorobenzene (TCB) under reflux with pro-ions around voltagé), provide the experimental raw data from
tection of Ar for overnight. After removal of the solvent TCB, which the kinetic energy release, and the dissociation energies,
a controlled-potential bulk reduction of the extract was carriedare derived.
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2.3. Data analysis 3. Results

The MIKE spectrareveal the distribution of the kineticenergy ~ The first few mass spectra of the sample were dominated by a
released inthe reaction. Whereas a parameter-free determinatitumg sequence of intense ion peaks. These peaks were identified
of the distribution is rather involve{28,34], data analysis is as Go(CS), cations withn extending beyond = 20. However,
greatly simplified if the MIKE peaks are Gaussians. This is thespectra free of any traces of solvent molecules were observed
case in the present study. The average KBRs(computed from  after outgassing the sample in vacuurfigt= 350°C for several
AU, the full-width-at-half-maximum (FWHM) of a Gaussian hours.
fitted to the MIKE peak after correction for the scaled width of ~We have recorded anion mass spectra by electron attachment

the parent ion, from the relatid5] at an energy of 7eVHig. 1, top), and cation mass spectra
) ) at an electron energy of 120eVi¢. 1, middle and bottom
T—216 ampUacc (AU> ‘ ©6) panels). The sample temperature Wag=680°C. Whereas
16m¢(mp — ms) \ Up cation spectra recorded at elevated electron energies can possi-

bly be distorted by dissociative ionization, electron attachment
The transition state temperatufeof the dissociating complex to fullerenes below 10 eV safely avoids fragmentafi8j. The
follows from: excellent agreement between the anion and cation spectra seen
15Tt = 5 in Fig. 1 (top two panels) suggests that the dominant ion peaks

SkgT! = ¢ @) ) )

are not a result of fragmentation. Therefore, the most promi-
According to Klots’s finite-heat-bath theof@6], one derives hent neutral species in the sample are identified as L&@C
from T* the isokinetic temperaturg, of a canonical ensemble
that would have the same rat@s the evaporative ensemble,

_ pieXpP/(C-1)] -1
y/(C —1)

wherekgC is the vibrational heat capacity of the parention. We
assume the value given by the equipartition theol€m3p — 6
wherep is the number of atoms in the clusteris the Gspann
factor defined af37]

8

" [8V)

A D I

y k kBTb ( ) = : ‘. L L. L .h | ) - - -

whereD is the activation energy of the reaction ani the pre-
exponential in the Arrhenius relation that is assumed here for
k(Tp). If an evaporative ensemble of cluster ions is sampled at =y
time ¢ after excitation and if competing cooling channels can be
neglected, then the most likely decay rate will be characterized
by [38,39}
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In the present work, we use= 2 x 101%s~1 for all ions. This
value is identical to, or very close to, the value used in several
other recent studies of unimolecular dissociation of fullerene
ions[25,40-45]

For a comparison of the present results with previously
published datd18,24] we re-analyze those data and apply a
scaling factor to bring the " dissociation energy into agree-
ment with our most recent value of 10.25.08 eV[26]. The
quoted uncertainty merely reflects the uncertainty of the average
KER (3944 3 meV[26]), but the agreement with other recently i |
reported dissociation energies is excellgkit 46] 0 Boo oo0 1000~ 1100 1200

Finally, in our analysis, we have ignored the effect of radiative Mass (Da)
cooling. As discussed elsewhé4d], this will result in dissocia-
tion energies that are too low by about 4% for the fullerene size§'9- 1- Mass spectra of the metallofullerene samplgper panel: Anions

discussed here. For multinly charaed clusters. the difference Wiﬁ)rmed by electron attachmenMiddie and lower panels: Cations formed
’ ply g ! y electron impact, plotted with linear and logarithmic ordinate, respectively.

be even smaller because their time-of-flight is shorter. Prominent peaks are labeled by the number of lanthanum and carbon atoms.
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La@ Cgo, Lax@Cgp, and Go. For elements M from group 3 and
the rare earths, M@43 and the dimetallofullerene M@ Cgo La@Cgy?* — La@Cgg?t + Cy
are efficiently synthesized by standard technid@e$], but the -
appearance of La@igions is somewhat of a surprise. The first ol
successful isolation of M@4g was by Sun et a[49] who syn-
thesized Eu@gp. Lassesson et g21] observed La@g" and
La@GCgo~ ionsinlaser-desorption mass spectra of Lagg&am-

ples, but only if the samples exposed to air for extended periods
of time. In the present study, the samples were kept under anaer-
obic conditions except for the very brief transfer from a quartz
ampoule to the mass spectrometer. Our mass spectra show no
evidence for oxides. Preliminary laser-desorption time-of-flight
mass spectra of samples separated by different HPLC columns o
suggest that, indeed, La@gX®xists in the sample.

Several other ion species are seen in the cation spectrum that
is plotted with a logarithmic scalé&{g. 1, bottom panel). In par-
ticular, Laz@anf is also identified fon =72 and 78. However, Fig. 3. Open dots: MIKE spectrum for unimolecular decay of LaggtCdis-
it is not possible to exclude formation by dissociative ionizationP'@¥ind the fragment ion peak La@g* (left, multiplied by a factor 100), and

. . . the parent ion peak (right). Solid lines represent Gaussians fitted to the data.
for these less abundant species, and it was not possible to record
their MIKE spectra.
. . . able 1

In Fig. 2, V\_/e dlsplay secthns of a mass spectr.um that reVealverage kinetic energy release) @nd activation energyl)) for C; loss calcu-
doubly and triply charged cations. The most prominention peakgied fromz using finite heat bath theory and an Arrhenius pre-exponential of
are identical to the ones observedFiy. 1, but the La@G** 2x 10951

lon Signal (kHz)
10

496 500 504 508 512
Electric sector field voltage (V)

sequencen(< 78) likely contains fragment ions. _ parent ion 7 (meVy D (eV)? D (eV)Pe
We have recorded MIKE spectra fop (©ss from parent ions " 5
La@G,** for n=80 and 82z=1-3. InFig. 3 we present an 0 10.25+ 0.0
example, the MIKE scan of La@g>*. Gaussian curves fitted Ceo* 9.26+ 0.38
to the data are displayed as solid lines. From the fitted width of 98+£07
the fragment ion peak, we obtain after correction for the widthcge?* 9.30+ 0.58
Cgo®* 8.89+ 0.37
La@Geo* 372 9.39+ 0.47
2L » 5 La@Geo?* 382 9.65+ 0.48
3 Ceo™ g La,@C,™ La@ Gyo®* 387 9.76+ 0.49
E o ©
C ® L " Cgo* 8.4+ 0.4
-T o X 8.7+ 0.6°
L NN
NI La@Gs,* 352 8.85+ 0.44 10.7+ 0.7
s La@Gs2?* 352 8.87+ 0.44
i La@Gs®" 368 9.28+ 0.46
SE Also listed are some relevant dissociation energies measured preJ4u2§]
< F Data from[24] have been re-analyzed and scaled as explained in Sex8on
T r L | ‘ | and ref.[26].
5 1 1 1 1 & This work.
g 340 360 380 400 b Ref.[26].
@ SE ¢ Ref.[24].
s f o § La,@C,2*
@©
- - o of the parent ion peak, the average kinetic energy release of the
°F & o B 8 reaction. All experimental values are summarizedable 1
C + I - o
L ~ — <+ ©
al = ® NS . .
L Q‘ I S j 4. Discussion
- 3 Q
F We derive the activation energiéy, for C, loss from the
[ h M M measured average kinetic energies, using finite heat bath theory
- JU T T L and a pre-exponential factar=2 x 101°s~1. Results are listed
© 510 540 570 600 in Table % they are plotted ifrig. 4as solid squares. Also shown
Mass-to-charge ratio (Th) in Fig. 4, astriangle, circles and diamonds, are several previously

Fig. 2. Mass spectra of the metallofullerene sample showing the presence Bublished values for filled and empty fullereri24—26} they are
doubly and triply charged cations. represented by filled and open symbols, respectively. Data from
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Fig. 4. Dissociation energies for,doss from empty and filled fullerenes
(empty and filled symbols, respectively). Values obtained in the present wor

the magnetic sector field, and “wrong” parent ions of slightly
different mass may contribute to the MIKE spectrum. For an
illustration of the related problems, and how they are solved if
an instrument with BEE geometry is used, see[&§,29]

There may be an alternative explanation for the large dif-
ference of 1.8 eV between our current value for LaggfCand
the value reported by Peres et fl4]. The sample analyzed
in the latter work was a mixture of metallofullerenes including
La@GCg4, and the La@gp in that sample contained two iso-
mers, say isomers | and Il. In contrast, the sample investigated
by us was almost free of La@gand the La@#gp-1l isomer.
These differences between the two samples could possibly affect
the measured KERD. On the other hand, the metastable ions
undergoing dissociation are highly excited (their transition state

é T P Y YN R N temperatures are about 2800 K, see [¢}.lons that overcome
Co0O0O®+p 12 ++o0 1 100 + +Vauw + + . H . .
88888 RRe8R80I88 218888 1 the large barrier for dissociation will probably also overcome

8898 “90 “88589698 9953 the barrier separating different isomers.

< X = . . . .
=iz 2% 2% SE- 5 % == E"é The main result of the present study is the small difference in
5] " . . . .
9 wg D, betweenfilled and empty fullerenes. This has implications for

our knowledge of the thermal emissivity; of metallofullerenes.
Recent experiments by the Gothenborg gr{ii# show that the

for La@Ggo™" and La@ G2t (z = 1-3) are indicated by squares. Other data are quantitye x D,::’ is practically the same for La@Cand G,*,

from refs.[18,24—26])

within the experimental uncertainty. A large difference between
the dissociation energies of La@C and G,* by 26% [24]

[24] have been re-analyzed and scaled as explained in Sectiavould therefore imply that the thermal emissivity of the met-

2.3

As seen fronFig. 4, the charge state has no statistically
significant effect on the dissociation energies of LaggCand

allofullerene is reduced by a factor of two. Our present results
indicates that the difference, if any, is much smaller. The very
large difference of 64% (sdeig. 4) between the reported dis-

La@Gg**. This observation agrees with our earlier findingssociation energiei24] of To@Gs,* and Gy*, though, remains
concerning empty and filled fullerene ions of size 78 and 80  puzzling.

andz < 3[26].

It may seem surprising that neither the charge state nor the

The average dissociation energies (averagedovér-3) are  presence of the endohedral metal atom have a large effect on
9.6+£0.2and9.G: 0.2 eV forLa@Gy* and La@G>**, respec-  the dissociation energies. Either way, the number of electrons
tively, where the uncertainties are computed from the standarith bonding or anti-bonding orbitals of the ion will be affected.
deviations of the two data sets. For comparison, the dissocHowever, in the absence of reverse activation barriers, dissocia-
ation energies of g (averaged over=1-3) and @;" are tion energies indicaldifferences in thetotal energies of reactant
9.2+ 0.2 and 8.4t 0.4 eV, respectively, i.e., dissociation ener- and products. If reactant and product are stabilized (or destabi-
gies of the endohedrals are larger than those of empty fullerendized) to the same degree by the caged atom, or by the removal
by 0.4+ 0.3 and 0.6: 0.5eV, respectively. These differences of one or more valence electrons, then the dissociation energy
are hardly significant because the uncertainties specify the onés not likely to change significantly.
sigma errors. For a quantitative analysis, one also has to consider pos-

Peres et al[24] reported that the dissociation energy of sible changes of the ionization energies; these are not well
Cgo' increases by 26% (from 8.5 to 10.7 eV) upon caging ofknown for endohedral ions, especially for 1. Alternatively,

La. However, their value of 10Z0.7 eV for La@G," greatly it is possible[26] to deduce accurate information about the
exceeds our present value of &9.4 eV. One possible reason complexation energy of metallofullerenes by comparing the
for the difference is the presence of isotopomers in the ion beandissociation energy of M@C »** with that of M@G,**,
Lanthanum has only one isotop¥{La) of significant natural see Egs.(3) and (4). From the values listed iffable 1,
abundance, but the La@& ion peak will contain one or more one obtainsAEcmmX(La@CgoZ*) =-0.1+0.6,—-0.44+0.8, and

13C isotopes with a probability of 60%. If decay of these iso-—0.9+ 0.6 eV forz = 1-3, respectively. Therefore, the complex-
topically mixed ions contributes to the fragment ion peak ination energies of La@#** are nearly as large as those of
the MIKE scan, then its width, and hence the kinetic energyLa@Ggo®*.

release will be overestimated. Inthe present work, we have used a For La@Gy*, we find AEcmp|X(La@Cg2+) =—-0.5+0.6eV.
double-focusing mass spectrometer equipped with an addition& similar analysis is not possible for the higher charge states
electrostatic analyzer (BEE geometry), whereas in the previousecause the values @f(Cgy?*) and D(Cg®*) have not been
study[24], an instrument with BE geometry was used. Althoughdetermined, but in view of the small effects of the charge state on
both instruments feature excellent mass resolution, during dissociation energies of other fullerenesEcmmx(La@ngZ*)
MIKE scan the BE instrument will select parent ions only with appears to be small, less than 1 eV, as well.



S. Feil et al. / International Journal of Mass Spectrometry 249-250 (2006) 396—402 401
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for n=1 and 2, and = 1-3. From these data, we have deduced?6] K. Gluch, S. Matt-Leubner, O. Echt, P. Scheier, T.Darl4 J. Phys.
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the activation energies for the reaction, i.e., the d|sso<:|at|opz7] K. Gluch, J. Fedor, S. Matt-Leubner, O. Echt, A. Stamatovic, M. Probst,

energiesD,. They are larger than those of the corresponding  p. scheier, T.D. Mrk, J. Chem. Phys. 118 (2003) 3090.

empty fullerene ions by a few tenths of an electron volt, but thg28] K. Gluch, S. Matt-Leubner, O. Echt, R. Deng, J.U. Andersen, P. Scheier,
differences are barely statistically significant. The small differ-  T.D. Mark, Chem. Phys. Lett. 385 (2004) 449. _
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