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The energetics and dynamics of unimolecular decompositions of C70
+ and its noble gas endohedral cations,

Ne@C70
+ and Ar@C70

+, have been studied using tandem mass spectrometry techniques. The high-resolution
mass-analyzed ion kinetic energy (HR-MIKE) spectra for the unimolecular reactions of C70

+, Ne@C70
+, and

Ar@C70
+ were recorded by scanning the electrostatic analyzer and using single-ion counting that was achieved

by combination of an electron multiplier, amplifier/discriminator, and multichannel analyzer. These cations
dissociate unimolecularly via loss of a C2 unit, and no endohedral atom is observed as fragment. The activation
energies for C2 evaporation from Ne@C70

+ and Ar@C70
+ are lower than those for elimination of the endohedral

noble gas atoms. The kinetic energy release distributions (KERDs) for the C2 evaporation have been measured
and, by use of the finite heat bath theory (FHBT), the binding energies for the C2 emission have been deduced
from the KERDs. The C2 evaporation energies increase in the order∆Evap(C70

+) < ∆Evap(Ne@C70
+) < ∆Evap-

(Ar@C70
+), but no big difference in the cage binding was observed for C70

+, Ne@C70
+, and Ar@C70

+, indicating
incorporations of the Ne and Ar atoms into C70 contribute a little to the stability of C70 toward C2 loss, which
is in good agreement with theoretical calculations but contrasts with the findings in their C60 analogues and
in metallofullerenes that the decay energies of the filled fullerenes are much higher than those of the
corresponding empty cages.

1. Introduction

Evidence that noble gas atoms can be encaged inside the
hollow space of C60

+ and C70
+ was first found by Schwarz and

co-workers through high-energy collision experiments.1 En-
dohedral fullerenes with a noble gas atom inside are prepared
by heating the fullerenes under high pressure of the noble gas.2

The typical yield for rare gas endohedral fullerenes thus
produced is around 0.1%. To elucidate the encapsulation of
noble gas atoms inside fullerenes, a mechanism for incorporation
and release of the guest atom was proposed involving reversibly
breaking a bond to open a window in the cage.3 Neutral
molecules or atoms such as He, Ne, Ar, Kr, Xe, N, N2, H2,
CO, H2O, and HeNe have thus far been doped inside C60.4-7

N@C70 and N2@C70 have been synthesized by ion implantation
as well.6c,7

It would be of interest to know if the two most abundant
fullerenes, C60 and C70, are stabilized upon introduction of the
noble gases into their hollow spaces. The stabilization energy
Ecmplx(Rg@Cn), also termed as complexation, binding, or
embedding energy of endohedral fullerene Rg@Cn, is defined
as follows:8

where Rg is a noble gas atom.Ecmplx(Rg@Cn) is negative if the
complexation process is exothermic. Several theoretical com-
putations have been carried out to calculate the complexation
energies for the noble gas endohedral complexes of C60 and
C70.9-11 For Rg@C60, the calculated complexation energies vary
with the van der Waals radii of the endohedral atoms. Though
there still are some disagreements among theoretical approaches
in the relative stability of Rg@C60 with respect of the entrapped
atoms, it has been generally accepted that C60 can be stabilized
slightly by a small fraction of an electronvolt upon encaging
noble gas atoms.9 In the case of C70, using the atom-atom
potential method, Pang and Brisse found thatEcmplx (Rg@C70)
increases in the order He, Ne, Ar, Xe, and Kr and the larger
atoms such as Xe and Kr are too big to be accommodated inside
although their complexation energies are more negative.10 With
an approach on the basis of AM1 optimization, however, Sung
et al. demonstrated that C70 is stabilized in the order He, Ne,
Xe, Ar, and Kr.11 To date there are no experimental data for
the complexation energies of Rg@C60 and Rg@C70 available
for comparison with the theoretical. The only experimental
approaches that provide an indirect clue to the stabilization of
fullerene cages upon encapsulation of noble gas atoms are the
binding energies for C2 loss in the unimolecular decomposition
of Rg@C60

+.12 Using the finite heat bath theory (FHBT) and
from kinetic energy release distributions (KERDs) in the
unimolecular decompositions of Rg@C60

+, we have deduced
the activation energies for C2 loss from Rg@C60

+ and found
that noble gas atoms are shown to stabilize C60. The C2

evaporation energies increase in the following order:∆Evap

(C60
+), ∆Evap (Ne@C60

+), ∆Evap (Ar@C60
+), and ∆Evap
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(Kr@C60
+), which is in good agreement with the computed

stabilization order.9e

Determination of KERDs in unimolecular fragmentation
provides valuable information on the energetics and dynamics
of the reaction. We have carried out the kinetic energy release
distribution (KERD) investigations on a series of endohedral
fullerene cations. Among the compounds studied were Ne@C60,
Ar@C60, Kr@C60, N@C60, N2@C60, N@C70, La@C82, Tb@C82,
Ti2@C80, Sc2@C84, as well as Sc3N@C80.6c,7a,12,13A very recent
KERD study is performed on singly and multiply charged
Sc3N@C78 and Sc3N@C80.8 All these endohedral radicals expel
C2 units and undergo cage shrinking in the unimolecular
reactions except N@C60 and N@C70 that, instead, lose the
endohedral atom.7a The cage-binding energies of these metal-
lofullerenes are extracted from KERDs as well. Yet to the best
of our knowledge there is no KERD and cage-binding report
on the noble gas atom containing endohedral C70. Here we report
the unimolecular decompositions of C70

+ and its noble gas
endohedral cations, Ne@C70

+ and Ar@C70
+. All the three

cations lose the C2 unit in the reaction. The C2 binding energies
in these cations have been deduced from the KERDs. Surpris-
ingly, it is found that introductions of Ne and Ar into C70

contribute a little to the stability of C70 toward the C2 loss, which
contrasts with the findings in the C60 case and in endohedral
metallofullerenes.

2. Experimental Section

The production and isolation of C70 have been published
previously.14 In brief, the soot containing fullerenes was
generated using a dc arc discharge method. A graphite rod
(chromatographic grade,φ 4.6 × 130 mm, Tokyo Tenso Co.)
was vaporized by a dc arc under a 150 Torr flowing He
atmosphere. The mixture of fullerenes was extracted from the
soot by CS2 under reflux with protection of Ar for overnight.
After removal of the solvent CS2, the fullerene mixture was
dissolved in toluene for high-performance liquid chromatogra-
phy (HPLC) separation. A PYE column (φ 20 × 250 mm;
eluant, toluene; room temperature; flow rate, 10 mL/min) was
employed for the separation of our target C70. The C70 sample
thus obtained was confirmed to be free of C60 and higher
fullerenes by HPLC and mass spectroscopic analyses.

Preparation of Ne@C70 and Ar@C70 was achieved by doping
C70 with the noble gases under high pressure at elevated
temperature.6 About 100 mg of pure C70 was placed inside an
annealed copper tube that is oxygen-free and sealed at one end
with a custom-made crimping tool. The open end was attached
to a vacuum line using a glass adapter for removal of the air
inside the tube and introduction of noble gases into the system.
After introduction of Ne (enriched in22Ne, 70%) and Ar gases,
the tube was then cooled in liquid nitrogen and sealed to give
an ampule. The ampule was subjected to a high-temperature
(650°C) and high-pressure (3000 atm) treatment in a steel vessel
for overnight. The tube, now flattened, was retrieved and cut
to remove the solid. C70 and its endohedrals were extracted from
the solid by CS2, and about 70 mg of extract was recovered
with a doping yield of∼0.2%.

Measurements of parent and its metastable ion peaks were
carried out on a high-resolution double-focusing mass spec-
trometer of reversed geometry, the VG-ZAB-2F, running mass
spectra at a very high dynamic range as well as using the
technique of mass-analyzed ion kinetic energy (MIKE) spec-
trometry.15 Details of the instruments and measurement condi-
tions have been described previously.7a,12,13 Briefly, the en-
dohedral fullerene cations were obtained by ionization of the

corresponding neutral samples that were introduced into the
mass spectrometer using a direct insertion probe and evaporated
at 400 °C. The electron-impact conditions for ionizing the
samples were as follows: electron ionizing energy-70 eV;
emission current-5 mA; ion source temperature-400 °C;
resolution-1100 (10% valley definition). Metastable ion peak
shapes were determined by scanning the electrostatic analyzer
and using single-ion counting. Ion counting was achieved by
combination of an electron multiplier, amplifier/discriminator,
and multichannel analyzer.16 Combination of the ZAB-2F mass
spectrometer with the single-ion counting and with the multi-
channel analyzer provides a powerful technique that is, because
of a very wide range achieved, quite sensitive and allows the
detection of even trace amounts of species. This technique was
demonstrated to be of great importance in the studies of
nonmetallic endohedral fullerenes that are produced in a very
low degree of incorporation of the guest species.6,7,12Some new
endohedral fullerenes, for instance, HeNe@C60, He2@C70,
N2@C60, N2@C70, CO@C60, and H2O@C60, have been found
for the first time by use of this technique. The same method
was employed here for the detection of Ne@C70 and Ar@C70.
The experiments were performed at 8 kV acceleration voltage
and a main beam width of 3-5 V. The data were accumulated
in the computer-controlled experiments, monitoring the main
beam scan and correcting for the drift of the main beam.15

Metastable ion peak shapes were the mean values of 100-1000
accumulated scans. The product KERDs were determined from
the first derivatives of the metastable ion peak shapes.17,18

3. Data Analysis

The mass-analyzed ion kinetic energy (MIKE) spectra for a
unimolecular decomposition,

reveal the kinetic energy release distributions (KERDs) in the
reaction. The KERDs are Boltzmann-like and can be modeled
by statistical theories. In a model-free approach developed by
Klots,19a the KERD is written in the form:

whereε is the kinetic energy release,l is a parameter that ranges
from zero to unity depending on the interaction potential
between the fragments,kB is Boltzmann’s constant, andTq is
the transition state temperature defined by the average kinetic
energy on passing through the transition state. The values ofl
andTq can be deduced by fitting the experimental KERDs with
eq 3 using nonlinear regression.

The isokinetic bath temperature,Tb, is defined in the finite
heat bath theory (FHBT) as the temperature to which a heat
bath should be set so that the canonical rate constant,k(Tb), is
equal to the microcanonical rate constant,k(E), sampled in the
experiment.19b Tb is calculated by the following equation:19a

whereC, the heat capacity of the parent ion, is given byC )
3n - 6 in units ofkB minus one (n is the number of atoms in
the parent ion);γ is the Gspann parameter.19 The current
acceptable value of the Gspann parameter for C2 loss from
fullerene cations20 is γ ) 33. Thisγ value has been adopted
for the unimolecular decompositions of endohedral fullerene
cations.7a,8,12,13 Here we also employ thisγ value for data

Rg@C70
+ f Rg@C68

+ + C2 (2)

p(ε) ) ε
l exp(-ε/kBTq) (3)

Tb ) TqC[exp(γ/C) - 1]/γ (4)
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analysis on the KERDs in the unimolecular reactions of C70
+,

Ne@C70
+, and Ar@C70

+.
The binding energies,∆Evap, for C2 loss in reaction 2 are

calculated from the isokinetic bath temperature,Tb, via the
Trouton relation:7a,8,12,13,20

4. Results and Discussion

4.1. Mass Spectra of Ar@C70 and Ne@C70. Presented in
Figure 1 is a mass spectrum of the mixture produced by doping
C70 with Ar under high pressure at elevated temperature. In
addition to the peaks that correspond to undoped C70, a series
of small but new peaks beginning at a mass-to-charge ratio of
m/z 880 appear in the spectrum. Fitting the relative intensities
of these peaks with the natural abundances of40Ar, 12C, and
13C clearly demonstrates that the peaks atm/z 880 to∼884 are
from the presence of Ar@C70, indicating that the Ar atom has
been encapsulated inside C70. The ratio of the filled to the empty
C70 is seen to be about 0.13%, which is a bit higher than that
of its C60 analogue.4

Illustrated in Figure 2 is a mass spectrum of the mixture of
C70 and Ne@C70. Similar to the Ar case, some peaks beginning
at a mass-to-charge ratio ofm/z 860 are observed together with
those of C70 in Figure 2. The relative intensities of these peaks
are more complicated than those of C70 and Ar@C70, whose
isotopic peaks are mainly from13C. Knowing the natural isotopic
abundances of12C and13C and the isotopic distribution of Ne

gas used in the study (20Ne/22Ne ) 3:7), the relative experi-
mental intensities of the peaks can be fit by the theoretical
isotopic distributions of Ne@C70 very well, showing the Ne
atom has been encaged into C70. The ratio of Ne@C70

(20Ne@C70 together with22Ne@C70) to C70 in the mixture is
about 0.2%, which roughly doubles that of its C60 analogue.4

4.2. MIKE Spectra and Unimolecular Decompositions of
C70

+, Ne@C70
+, and Ar@C70

+. The contribution of13C in C70

together with the isotopes of20Ne and22Ne affords isotopic
multiplets in the mass spectra of C70

+, Ne@C70
+, and Ar@C70

+,
as shown in Figures 1 and 2. It has been verified that the
isotopomers of the fullerene cation studied have a significant
effect on the shape of the MIKE spectrum and, therefore, on
the KERDs and binding energies derived from the MIKE.8

Careful selection for just one mass among the isotopes of the
parent ion is necessary for measurement of the MIKE. A high-
resolution double-focusing mass spectrometer of reversed
geometry, the VG-ZAB-2F, runs mass spectra at a very high
dynamic range and allows a thorough resolution of the isotopic
peaks (see Figures 1 and 2), which makes it possible to pick up
only one mass of the isotopic multiplets.15 All the MIKE scans
of the parent ions of C70

+, Ne@C70
+, and Ar@C70

+ were
performed on the preselected, most naturally intense isotope of
the isotopic multiplet of peaks in the mass spectra (see Figures
1 and 2), that is,m/z 840 for 12C70, 860 for 20Ne@12C70, and
880 for 40Ar@12C70. Metastable ion peak shapes were deter-
mined by scanning the electrostatic analyzer and using single-
ion counting that was achieved by combination of an electron
multiplier, amplifier/discriminator, and multichannel analyzer.16

The shapes of the parent and its metastable ion peaks thus
recorded were free of effect from isotopes and were Gaussians.
Illustrated in Figures 3-5 are the high-resolution MIKE spectra
for unimolecular decompositions of C70

+, Ar@C70
+, and

Ne@C70
+ together with their Gaussian fits and corresponding

parent peaks. In Figure 3 the metastable peak (ion C68
+, left

side) is drawn to the same laboratory ion energy scale with its
parent peak (ion C70

+, right side) to disclose their relationship
in width. The energy broadening in the laboratory scale for the
metastable ion is due to the kinetic energy release in the center-
of-mass (CM) scale of the ion’s dissociation taking placing in
the second field-free region (ff2) of the VG-ZAB-2F instrument.
In Figure 4 both the parent and metastable ion peak shapes are
expended to demonstrate their Gaussian shapes. The black solid

Figure 1. Mass spectrum of a mixture of Ar@C70 and C70. The isotopic
multiplets beginning at a mass-to-charge ratio ofm/z 880 are from
Ar@C70.

Figure 2. Mass spectrum of a mixture of Ne@C70 and C70. The Ne
used in this study is enriched with22Ne (70%). The peaks beginning at
a mass-to-charge ratio ofm/z 860 are ascribed to Ne@C70 (20Ne@C70

and22Ne@C70).

∆Evap ) γkBTb (5)

Figure 3. MIKE spectra for unimolecular loss of a C2 unit from (m/z
840) C70

+. The narrow peak (right side) is the parent ion C70
+. The

broad peak (left side) is the metastable ion C68
+ generated from C70

+

via C2 loss. The metastable peak is drawn to the same laboratory ion
energy scale with its parent peak. The black solid line represents the
experimental data, and the white solid line stands for the smoothed
spectra obtained by Gaussian fit.

Dissociations of C70
+ and Its Noble Gas Cations J. Phys. Chem. A, Vol. 109, No. 45, 200510259



lines represent the experimental data, and the white solid lines
stand for the smoothed spectra obtained by Gaussian fit. Both
the parent and fragment ion shapes are clearly seen to be
Gaussian.

In MIKE spectra the peak position of a daughter ion,Ud, is
closely related to that of its parent ion,Up, by the equation:

wheremd andZd are the mass and charge of the daughter ion,
andmp andZp are the mass and charge of the parent ion. In our

current studies both the parent and daughter ions are singly
charged (Zd ) Zp ) 1). The peak positions deduced by Gaussian
fit and corresponding masses of daughter ions calculated using
eq 6 are listed in Table 1. The MIKE spectra reveal that C70

+,
Ne@C70

+, and Ar@C70
+ cations undergo the following cage-

shrinking reactions, also termed as C2 elimination/evaporation/
loss reactions, respectively:

No evidence for release of the endohedral atoms was detected,
and no other fragmentation channels were observed in the
unimolecular reactions of C70

+, Ne@C70
+, and Ar@C70

+.
4.3. Kinetic Energy Release Distributions and C2 Binding

Energies in C70
+, Ne@C70

+, and Ar@C70
+. The experimental

kinetic energy release distributions (KERDs) were determined
from the first derivatives of the metastable ion peak shapes
(MIKE spectra) obtained on the preselected masses of parent
ions. If the MIKE spectra are Gaussians, the KERDs deduced
from both the left and right sides of the spectra will be
Boltzmann-like and can be modeled readily by a parameter-
free approach using eq 3. The value ofl which we found to
give the best fit for all the KERDs generated from the Gaussian
MIKE spectra is l ) 0.5. This l value corresponds to the
expected value for the most statistical situation, since the
translational density of states is proportional21 to ε0.5. This is
the case for the present study. The typical center-of-mass product
KERDs for reactions 7, 8, and 9 together with the nonlinear
regression fits using eq 3 are shown in Figure 6a, b, and c,
respectively. The solid lines represent the experimental curves,
while the open circles illustrate the fits. The modeled KERDs
are superimposed on the experimental ones. Thel parameter
obtained from the fit curves is 0.50( 0.01 for all the three
cations, C70

+, Ne@C70
+, and Ar@C70

+. The transition temper-
atures deduced from KERDs for reactions 7, 8, and 9 are 3326,
3373, and 3435 K, respectively. The average kinetic energy
release is calculated via the equation:7a,8,12,13,20

whereεav is the average kinetic energy release. The binding
energies for C2 loss from C70

+, Ne@C70
+, and Ar@C70

+

deduced from the experimental KERDs are 10.3( 0.4, 10.4(
0.5, and 10.6( 0.5 eV, respectively. All the parameters for the
KERDs are listed in Table 2. Under the same conditions the C2

evaporation energy in C60
+ is measured to be 11.0( 0.4 eV,

which is much higher than that in C70
+. No destabilization of

C70 was found upon introduction of Ar and Ne into the cage.
No big difference in the C2 evaporation energy was observed
for C70

+, Ne@C70
+, and Ar@C70

+, indicating that incorporations

Figure 4. MIKE spectra for unimolecular loss of a C2 unit from (m/z
860) Ne@C70

+. (a) The metastable ion peak shape. (b) The parent ion
peak shape. The black solid lines represent experimental spectra. The
white solid lines illustrate the Gaussian fits. Both the parent and
fragment ion shapes are clearly seen to be Gaussian.

Figure 5. Metastable ion peak shape for unimolecular loss of a C2

unit from (m/z 880) Ar@C70
+. The precursor ion peak is shown in the

inset. Smooth white solid line: Gaussian fit to the experimental spectra
(black solid line).

Ud/Up ) (mdZp)/(mpZd) (6)

TABLE 1: Peak Positions and Corresponding Masses of
Parent and Its Metastable Ionsa

parent
ions

mp

(amu)
Up

(eV)
Ud

(eV)
md

(amu)
mp - md

(amu)

C70
+ 840 8210 7974 816 24

Ne@C70
+ 860 8211 7982 836 24

Ar@C70
+ 880 8207 7984 856 24

a Up andmp (Ud andmd) are the peak position and mass of parent
ion (daughter ion), respectively.

C70
+ f C68

+ + C2 (7)

Ne@C70
+ f Ne@C68

+ + C2 (8)

Ar@C70
+ f Ar@C68

+ + C2 (9)

εav ) (1 + l)kBTq (10)
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of Ne and Ar into C70 contribute a little to the stability of C70

toward C2 loss, which contrasts with the findings in their C60

analogues and in metallofullerenes that the filled fullerenes are
substantially stabilized compared with their precursors.12,13

4.4. Discussion.We observed here that under similar genera-
tion conditions the incorporation yields for Ne@C70 and Ar@C70

are higher than those for their C60 analogues, respectively.4 This

is probably due to the difference in C2 binding energy between
C60 and C70. According to the window’s mechanism proposed
for incorporation and release of a nonmetallic atom,3 the noble
gas atoms were incorporated into fullerene cages by first
breaking a bond to open a window in the cage, then entering
through the opening, and finally closing the window. The C2

binding of the fullerene cage provides information on how
readily a bond breaks in the cage and therefore furnishes a hint
about the easiness for opening the window. The observation
that C70 is easier to be doped than C60 signifies that C70 might
possess a lower C2 binding energy than C60. This is the cases
the measured C2 evaporation energy in C70 is indeed about 0.7
eV lower than that of C60 (see section 4.3 above).

In principle there should be a competition in the unimolecular
dissociations of endohedral fullerenes between elimination of
an endohedral atom and loss of a C2 unit from the cage. In
what channel the endohedral fullerene cation decomposes
depends on the activation energies of the two channels. The
fact that no evidence for release of the endohedral atoms was
detected in the unimolecular dissociation of Ne@C70

+ and
Ar@C70

+ suggests that the activation energies for loss of the
noble gas atom from these cations are higher than those for
loss of the C2 unit, that is, the energy barrier to open a window
in the cage for exclusion of the noble gas atom from the fullerene
is higher than the barrier for C2 loss.

Using the atom-atom potential method, Pang and Brisse
demonstrated that introduction of Ne and Ar into C70 could
stabilize the cage by∼0.17 and∼0.39 eV, respectively, and
presumed that He, Ne, and Ar could form stable endohedral
complexes with C70.10 Theoretical approaches toward the
complexation energies of Ne@C70 and Ar@C70 by Sung et al.11

gave almost the same stabilization energies with those by Pang
and Brisse. We did observe the difference in the C2 binding
energy for C70

+, Ne@C70
+, and Ar@C70

+ (see Table 2), but in
terms of experimental uncertainties the differences are too small
to suggest an obvious stabilization of the cage toward C2

elimination upon incorporation of the noble gas atoms Ne and
Ar into it. It must be pointed out, however, that the stabilities
of endohedral fullerenes and their cations might not be neces-
sarily identical, and the difference in the C2 binding energy
between C70

+ and its endohedral cation does not directly equal
the value of stabilization energyEcmplx(Rg@Cn) defined in
theoretical approaches by Pang and Brisse10 and by Sung et
al.11 This difference provides an indirect clue to the stabilization
of fullerene cages upon encapsulation of noble gas atoms. Our
results that the cage-binding energies of Ne@C70

+ and Ar@C70
+

are not lower than that of C70
+ do indicate introduction of Ne

and Ar into C70 does not destabilize the cage. This is in
agreement with the theoretical predictions by Sung et al. and
by Pang and Brisse.10,11

It is found that the C2 binding energy of the C60 cage is
enhanced upon encaging of the noble gases and increases with
the size of the endohedral atom.12 The C2 evaporation energy
of C60

+ is increased by 0.6 and 0.9 eV for Ne and Ar,
respectively, and by as large as 1.6 eV for Kr endohedral
(experimental error(0.4). This is not the case for C70

+ and its
endohedrals. Here we found that the C2 binding energies in C70

+,
Ne@C70

+, and Ar@C70
+ are almost identical within experi-

mental errors. The discrepancy in the effect on C2 binding upon
introduction of noble gas atoms mentioned above between
Rg@C60

+ and Rg@C70
+ is probably in part because of the

difference in size between the two cages. While the noble gas
atoms fit nicely inside C60

+, one can easily imagine that they
will not fit so readily inside C58

+, especially if the isomer of

Figure 6. Kinetic energy release distributions (KERDs) in the center-
of-mass (CM) system deduced from the metastable peak shapes for
reactions (a) C70

+ f C68
+ + C2, (b) Ne@C70

+ f Ne@C68
+ + C2, and

(c) Ar@C70
+ f Ar@C68

+ + C2. (Solid line: experimental. Open
circle: fit based on eq 3.)

TABLE 2: Transition State Temperatures (Tq), Average
Kinetic Energy Releases (Eav), and C2 Binding Energies
(∆Evap) Deduced from KERDs Using the Finite Heat Bath
Theory and Gspann Parameterγ ) 33'

parent
ions

Tq

(K)
TB

(K) l
εav

(eV)
∆Evap

(eV)

C70
+ 3326 3610 0.50 0.43 10.3( 0.4

Ne@C70
+ 3373 3657 0.50 0.44 10.4( 0.5

Ar@C70
+ 3435 3724 0.50 0.44 10.6( 0.5

Dissociations of C70
+ and Its Noble Gas Cations J. Phys. Chem. A, Vol. 109, No. 45, 200510261



C58
+ formed by the loss of the C2 unit is not very spherical,

i.e., Ecmplx(Rg@C60
+) for reaction 11 is much more negative

thanEcmplx(Rg@C58
+) for reaction 12:

Using reactions 11, 12, 13, and 14, one can deduce relationship
15 amongEcmplx(Rg@C60

+), Ecmplx(Rg@C58
+), ∆Evap(Rg@C60

+),
and∆Evap(C60

+) by forming the thermodynamic cycle:

Since there is a big difference betweenEcmplx(Rg@C58
+) and

Ecmplx(Rg@C60
+) as discussed above, one can find from eq 15

that it is rational that the C2 evaporation energy,∆Evap-
(Rg@C60

+), for the C2 loss from Rg@C60
+ is larger than that

from C60
+ (∆Evap(C60

+)).
In comparison with C60, however, C70 has more room inside

for the noble gas atom. If the C2 is removed from one end of
C70, it would not affect the fit very much. In other words, there
will be no big difference betweenEcmplx(Rg@C70

+) for reaction
16 andEcmplx(Rg@C68

+) for reaction 17.

Therefore, it is not too surprising that the C2 binding energies
for Ne@C70

+, Ar@C70
+, and C70

+ are almost identical within
experimental uncertainties (see eq 18 deduced in the same way
with eq 15).

We have carried out first a preliminary study,12a and then
very thorough studies,6c,7a,12,13,20of the unimolecular decomposi-
tions of endohedral fullerene cations using tandem mass
spectrometry. Among the compounds studied were Ne@C60,
Ar@C60, Kr@C60, N@C60, N2@C60, N@C70, La@C82, Tb@C82,
Ti2@C80, Tb2@C84, Sc2@C84, as well as Sc3N@C80. Here we
added another two new members, Ne@C70 and Ar@C70, into
this family. All these endohedral radicals expel C2 units and
undergo cage shrinking in the unimolecular reactions except
N@C60 and N@C70 that, instead, lose the endohedral atom.7a

The KERDs were measured for the emission of the C2 unit from
the positive ions of these species as well as of the corresponding
empty fullerenes C60, C70, C80, C82, and C84. The binding
energies for C2 loss were extracted from the KERDs using the
finite heat bath theory. Different endohedral atoms introduced
have distinct effects on the binding of the fullerene cage. There
is a pronounced increase in the C2 elimination energy of C82

upon introduction of a La atom into the cage and a further

increase upon introduction of a Tb atom.12a,b,13Incorporation
of two Sc atoms into C84 destabilizes the cage binding slightly,
whereas two Tb atoms have enhanced the C2 evaporation energy
of the cage.12a,b The physical reason for this difference stems
probably from the number of electrons transferred within the
molecules: it has been proved that four electrons in total have
been transferred from the two Sc atoms to the C84 cage and the
valence state of Sc in Sc2@C84 is +2, whereas the Tb atom is
in its +3 valence state, and the electronic structure of Tb2@C84

is (Tb2)6+(C84)6-.12c,dThe C2 binding energies of C80 (D2 isomer)
and Sc3N@C80 (Ih) and Ti2@C80 (D5h andIh) are identical within
experimental uncertainty, indicating that the most unstableIh

andD5h isomers of C80 have been stabilized by the clusters Sc3N
and Ti2 to the level ofD2-C80 that is the most stable C80 cage.13

The very reactive atom N, not the C2 unit, was eliminated in
the unimolecular reactions of N@C60

+ and N@C70
+, suggesting

the binding energy for N-loss is lower than that for emission of
the C2 unit.7a We found that the contribution of noble gases to
the binding energy of C70 is much smaller than that in the
metallofullerene cases. It is found that upon incorporation of
metals the fullerene cages are in general stabilized by an
intramolecular electron transfer from the metal to the cage.22-24

The electron transfer within the molecule generates a positively
charged metal core surrounded by a negatively charged carbon
cagesthe so-called “superatom” structuresand plays a key role
in the formation of metallofullerenes.23 But this is not the case
when the noble gases and extremely reactive N atom are
involved as guest atoms in endohedrals. Within these nonmetal-
lic endohedral fullerenes no electron transfer occurs, the guest
atoms are located at or very close to the center of C60 or C70,
and the interaction between the endohedral atom and carbon
cage is the van der Waals force. Because the van der Waals
force between the noble gas atom and C60/C70 is much weaker
than the ionic bond between the metal ion and the negatively
charged fullerene cage of metallofullerene, it is rational that
the contribution of encaged metal to the C2 binding energy of
the cage is stronger than that of the noble gas atom. This is
probably one of the reasons that the nonmetallic endohedral
fullerenes are always produced in low yield.

5. Conclusions

The unimolecular decompositions of C70
+, Ne@C70

+, and
Ar@C70

+ have been studied using tandem mass spectrometry
techniques. Information on the energetics and dynamics of the
reactions has been extracted. These cations undergo the cage-
shrinking reactions via C2 loss, and no endohedral atom is
detected in the reaction. The activation energies for C2 loss from
Ne@C70

+ and Ar@C70
+ are lower than those for emission of

the Ne and Ar atoms. The cage C2 binding energies determined
from the kinetic energy release distributions in unimolecular
decompositions of C70

+, Ne@C70
+, and Ar@C70

+ increase in
the order∆Evap(C70

+) < ∆Evap(Ne@C70
+) < ∆Evap(Ar@C70

+),
but no big difference in the cage binding was observed within
experimental errors. Inclusion of the Ne and Ar atoms into C70

contributes a little to the stability of C70 toward C2 loss. The
effect on C2 binding upon introduction of the noble gas atoms
into C60 is much larger than that for incorporation of these atoms
into C70. This difference is in part because of the discrepancy
in size between C60 and C70. The contribution of encaging the
metallic atom to the stability of the fullerene cage toward C2

loss is much larger than that of encapsulating the noble gas
atom.
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Rg + C58
+ f Rg@C58

+ Ecmplx(Rg@C58
+) (12)

C60
+ f C58

+ + C2 ∆Evap(C60
+) (13)

Rg@C60
+ f Rg@C58

+ + C2 ∆Evap(Rg@C60
+) (14)

∆Evap(Rg@C60
+) - ∆Evap(C60

+) )

Ecmplx(Rg@C58
+) - Ecmplx(Rg@C60

+) (15)

Rg + C70
+ f Rg@C70

+ Ecmplx(Rg@C70
+) (16)

Rg + C68
+ f Rg@C68

+ Ecmplx(Rg@C68
+) (17)

∆Evap(Rg@C70
+) - ∆Evap(C70

+) )

Ecmplx(Rg@C68
+) - Ecmplx(Rg@C70

+) (18)
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