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The energetics and dynamics of unimolecular decompositionsgfadd its noble gas endohedral cations,
Ne@Got and Ar@Go', have been studied using tandem mass spectrometry techniques. The high-resolution
mass-analyzed ion kinetic energy (HR-MIKE) spectra for the unimolecular reactiong™ofNe@G,", and
Ar@C;¢" 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 & @nit, and no endohedral atom is observed as fragment. The activation
energies for gevaporation from Ne@+4g" and Ar@Gq" are lower than those for elimination of the endohedral
noble gas atoms. The kinetic energy release distributions (KERDSs) for.teeaporation have been measured
and, by use of the finite heat bath theory (FHBT), the binding energies fortbeSsion have been deduced
from the KERDs. The €evaporation energies increase in the otE(,j(C7") < AE,adNe@Go') < AEyar
(Ar@Cy0"), but no big difference in the cage binding was observed for,Ble@Go", and Ar@Gq", indicating
incorporations of the Ne and Ar atoms intgg€ontribute a little to the stability of g toward G loss, which

is in good agreement with theoretical calculations but contrasts with the findings in fhe&in&logues and

in metallofullerenes that the decay energies of the filled fullerenes are much higher than those of the
corresponding empty cages.

1. Introduction where Rg is a noble gas atoE,mp(Rg@G) is negative if the

complexation process is exothermic. Several theoretical com-

Evidence that n+oble gas atoms can be encaged inside the, aions have been carried out to calculate the complexation
hollow space of g" and Go™ was first found by Schwarz and o6 rgies for the noble gas endohedral complexesepfa6d

co-workers through h_igh-energy collision gxperime]nlén- C70.> 1 For Rg@Go, the calculated complexation energies vary
dohedrgl fullerenes with a noble gas atom inside are preparedwith the van der Waals radii of the endohedral atoms. Though
by heating the fullerenes under high pressure of the noblé gas.

The typical yield for rare gas endohedral fullerenes thus there still are some disagreements among theoretical approaches
produced is around 0.1%. To elucidate the encapsulation of IN the relative stability of Rg@ with respect of the entrapped
noble gas atoms inside fullerenes, a mechanism for incorporationatoms’ it has been generally accepted thgioain be stabilized

and release of the guest atom was proposed involving reversiblySI9ntly by a small fraction of an electronvolt upon encaging
breaking a bond to open a window in the cdgbleutral noble gas atom$.In the case of &, using the atomratom

molecules or atoms such as He, Ne, Ar, Kr, Xe, N, No, potential method, Pang and Brisse found @t (RI@Go)

CO, H0, and HeNe have thus far been doped insidg*c increases in the order He, Ne, Ar, Xe, and Kr and the larger
N@G;oand N@Cro have been synthesized by ion implantation atoms such as Xe and Kr are too big to be accommodated inside
as wellée.? although their complexation energies are more negafiveith

It would be of interest to know if the two most abundant &N @pproach on the basis of AM1 optimization, however, Sung
fullerenes, Go and Gy, are stabilized upon introduction of the et al. demonstrated that;£is stabilized in the_order He, Ne,
noble gases into their hollow spaces. The stabilization energy X& Ar, and Krit To date there are no experimental data for
Ecmp{RO@G), also termed as complexation, binding, or the complexation energies of Rg@@nd Rg@G, available
embedding energy of endohedral fullerene Rg@€defined for comparison with the theoretical. The only experimental
as follows® approaches that provide an indirect clue to the stabilization of

fullerene cages upon encapsulation of noble gas atoms are the
Rg+ C,— Rg@C, Ecmplx(Rg@Cﬁ) (1) binding energies for goss in the unimolecular decomposition
of Rg@Go'™.12 Using the finite heat bath theory (FHBT) and

*To whom correspondence should be addressed. E-mail: bcao@ fro-m Kinetic energy re!gase distributions (KERDS) in the
tara.tsukuba.ac.jp (B.C.): james.cross@yale.edu (R.J.C.). ’ unimolecular decompositions of Rg@fC, we have deduced

*Hebrew University. the activation energies for,Qoss from Rg@Go* and found
Tsaliﬂtgl:n?ag;rzversny. Current address: TARA Center, University of that noble gas atoms are shown to stabilize. OThe G

#Yale University. evaporation energies increase in the following ordAE,qp

TDeceased. (Ce0"), AEvap (Ne@Go"), AEvap (Ar@Cso™), and AEyap

10.1021/jp0547919 CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/21/2005




10258 J. Phys. Chem. A, Vol. 109, No. 45, 2005 Cao et al.

(Kr@Cgo"), which is in good agreement with the computed corresponding neutral samples that were introduced into the
stabilization ordeP¢ mass spectrometer using a direct insertion probe and evaporated
Determination of KERDs in unimolecular fragmentation at 400 °C. The electron-impact conditions for ionizing the

provides valuable information on the energetics and dynamics samples were as follows: electron ionizing energy0 eV;

of the reaction. We have carried out the kinetic energy releaseemission current-5 mA; ion source temperature400 °C;
distribution (KERD) investigations on a series of endohedral resolution—1100 (10% valley definition). Metastable ion peak
fullerene cations. Among the compounds studied were Ng@C shapes were determined by scanning the electrostatic analyzer
Ar@Cso, Kr@Cso, N@ Cso, No@Cso, N@Gro, La@ G, Th@ G, and using single-ion counting. lon counting was achieved by
Ti,@Cgo, SG@C4, as well as SIN@ Cgo.5¢7212.13A very recent combination of an electron multiplier, amplifier/discriminator,
KERD study is performed on singly and multiply charged and multichannel analyzé?.Combination of the ZAB-2F mass
SeN@Crs and SgN@GCgo.8 All these endohedral radicals expel — spectrometer with the single-ion counting and with the multi-
C, units and undergo cage shrinking in the unimolecular channel analyzer provides a powerful technique that is, because
reactions except N@f and N@Ggo that, instead, lose the of a very wide range achieved, quite sensitive and allows the
endohedral ator® The cage-binding energies of these metal- detection of even trace amounts of species. This technique was
lofullerenes are extracted from KERDs as well. Yet to the best demonstrated to be of great importance in the studies of
of our knowledge there is no KERD and cage-binding report nonmetallic endohedral fullerenes that are produced in a very
on the noble gas atom containing endohedrgl Bere we report ~ low degree of incorporation of the guest speéié¥Some new

the unimolecular decompositions of,d and its noble gas  endohedral fullerenes, for instance, HeNe@He@ Cro,
endohedral cations, Ne@& and Ar@Gg". All the three N2@Cso, N2@Cro, CO@Go, and HO@Gso, have been found
cations lose the £unit in the reaction. The £binding energies  for the first time by use of this technique. The same method
in these cations have been deduced from the KERDs. Surpris-was employed here for the detection of Ne@@énd Ar@ Go.

ingly, it is found that introductions of Ne and Ar into,£ The experiments were performed at 8 kV acceleration voltage
contribute a little to the stability of £gtoward the G loss, which and a main beam width of-35 V. The data were accumulated
contrasts with the findings in theggcase and in endohedral in the computer-controlled experiments, monitoring the main

metallofullerenes. beam scan and correcting for the drift of the main béam.
Metastable ion peak shapes were the mean values ef 10X
2. Experimental Section accumulated scans. The product KERDs were determined from

) _ ) ) the first derivatives of the metastable ion peak shapés.
The production and isolation of &2 have been published

previously** In brief, the soot containing fullerenes was 3. pata Analysis

generated using a dc arc discharge method. A graphite rod

(chromatographic grade, 4.6 x 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 C$ under reflux with protection of Ar for overnight. Rg@G, —Ry@G, +C, (2)

After removal of the solvent GSthe fullerene mixture was

dissolved in toluene for high-performance liquid chromatogra- reveal the kinetic energy release distributions (KERDs) in the

phy (HPLC) separation. A PYE columm (20 x 250 mm; reaction. The KERDs are Boltzmann-like and can be modeled

eluant, toluene; room temperature; flow rate, 10 mL/min) was by statistical theories. In a model-free approach developed by

employed for the separation of our target,CThe Go sample  Klots,'%¢the KERD is written in the form:

thus obtained was confirmed to be free ofp@nd higher

fullerenes by HPLC and mass spectroscopic analyses. p(e) = € exp(—elkgT") (3)
Preparation of Ne@+fg and Ar@Gowas achieved by doping

Cy0 with the noble gases under high pressure at elevatedwheree is the kinetic energy releadds a parameter that ranges

temperaturé.About 100 mg of pure & was placed inside an ~ from zero to unity depending on the interaction potential

annealed copper tube that is oxygen-free and sealed at one entietween the fragmentg is Boltzmann’s constant, antf is

with a custom-made crimping tool. The open end was attachedthe transition state temperature defined by the average kinetic

to a vacuum line using a glass adapter for removal of the air energy on passing through the transition state. The values of

inside the tube and introduction of noble gases into the system.andT* can be deduced by fitting the experimental KERDs with

Atfter introduction of Ne (enriched i?Ne, 70%) and Ar gases,  €q 3 using nonlinear regression.

the tube was then cooled in liquid nitrogen and sealed to give  The isokinetic bath temperatur&,, is defined in the finite

an ampule. The ampule was subjected to a high-temperatureheat bath theory (FHBT) as the temperature to which a heat

(650°C) and high-pressure (3000 atm) treatment in a steel vesselbath should be set so that the canonical rate const@iy, is

for overnight. The tube, now flattened, was retrieved and cut equal to the microcanonical rate consta(E), sampled in the

to remove the solid. & and its endohedrals were extracted from experiment® T, is calculated by the following equatidf

the solid by Cg, and about 70 mg of extract was recovered

with a doping yield of~0.2%. T, = T'Clexp(y/C) — 1]ly 4)
Measurements of parent and its metastable ion peaks were

carried out on a high-resolution double-focusing mass spec-whereC, the heat capacity of the parent ion, is given®@y=

trometer of reversed geometry, the VG-ZAB-2F, running mass 3n — 6 in units ofkg minus one 1§ is the number of atoms in

spectra at a very high dynamic range as well as using thethe parent ion);y is the Gspann parametér.The current

technique of mass-analyzed ion kinetic energy (MIKE) spec- acceptable value of the Gspann parameter forldSs from

trometry® Details of the instruments and measurement condi- fullerene cation® is y = 33. Thisy value has been adopted

tions have been described previou&hy213Briefly, the en- for the unimolecular decompositions of endohedral fullerene

dohedral fullerene cations were obtained by ionization of the cations’®81213Here we also employ thig value for data

The mass-analyzed ion kinetic energy (MIKE) spectra for a
unimolecular decomposition,
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Figure 1. Mass spectrum of a mixture of Ar@&and Ge. The isotopic
multiplets beginning at a mass-to-charge rationgz 880 are from
AI’@Cm.
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Figure 2. Mass spectrum of a mixture of Ne@fand Go. The Ne
used in this study is enriched witfNe (70%). The peaks beginning at
a mass-to-charge ratio afiz 860 are ascribed to Ne@§(*°Ne@Gyo
and?Ne@Gy).

analysis on the KERDs in the unimolecular reactions gf"C
Ne@Gyot, and Ar@Go".

The binding energiesAE,,p, for C; loss in reaction 2 are
calculated from the isokinetic bath temperatufe, via the
Trouton relation/.8.12,13.20

AEvap = VkBTb (5)

4. Results and Discussion
4.1. Mass Spectra of Ar@Go and Ne@Gy,. Presented in
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Figure 3. MIKE spectra for unimolecular loss of a@nit from (mz

840) Go'. The narrow peak (right side) is the parent iop'™C The
broad peak (left side) is the metastable iog'Qenerated from &'

via C; 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.

gas used in the study%Nef?Ne = 3:7), the relative experi-
mental intensities of the peaks can be fit by the theoretical
isotopic distributions of Ne@+4g very well, showing the Ne
atom has been encaged into;oCThe ratio of Ne@&
(**Ne@Gy together with??Ne@Gyq) to Cyo in the mixture is
about 0.2%, which roughly doubles that of itgg@nalogué’.

4.2. MIKE Spectra and Unimolecular Decompositions of
Cz", Ne@Gyo", and Ar@C+o". The contribution of3C in Cyo
together with the isotopes @PNe and??Ne affords isotopic
multiplets in the mass spectra of, Ne@Go", and Ar@Got,
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.
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 multipléfsAll the MIKE scans
of the parent ions of &, Ne@Go", and Ar@Ge" 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 ism/z 840 for 12C7, 860 for 2°Ne@'?Co, and

Figure 1 is a mass spectrum of the mixture produced by doping 880 for 4°Ar@'2C7,. Metastable ion peak shapes were deter-
Cy0 with Ar under high pressure at elevated temperature. In mined by scanning the electrostatic analyzer and using single-

addition to the peaks that correspond to undopes] &series

ion counting that was achieved by combination of an electron

of small but new peaks beginning at a mass-to-charge ratio of multiplier, amplifier/discriminator, and multichannel analyz&r.
mvz 880 appear in the spectrum. Fitting the relative intensities The shapes of the parent and its metastable ion peaks thus

of these peaks with the natural abundance4’af, *2C, and
13C clearly demonstrates that the peaksn& 880 to~884 are
from the presence of Ar@f, indicating that the Ar atom has
been encapsulated inside,CThe ratio of the filled to the empty

recorded were free of effect from isotopes and were Gaussians.
lllustrated in Figures 35 are the high-resolution MIKE spectra
for unimolecular decompositions of 7&, Ar@Cr*, and
Ne@G" together with their Gaussian fits and corresponding

Cyo is seen to be about 0.13%, which is a bit higher than that parent peaks. In Figure 3 the metastable peak (igyT,Ceft

of its Cg analogué.

side) is drawn to the same laboratory ion energy scale with its

lllustrated in Figure 2 is a mass spectrum of the mixture of parent peak (ion g*, right side) to disclose their relationship
Croand Ne@Go. Similar to the Ar case, some peaks beginning in width. The energy broadening in the laboratory scale for the
at a mass-to-charge ratio wiz 860 are observed together with metastable ion is due to the kinetic energy release in the center-
those of Go in Figure 2. The relative intensities of these peaks of-mass (CM) scale of the ion’s dissociation taking placing in

are more complicated than those ofp@nd Ar@Go, whose
isotopic peaks are mainly froMC. Knowing the natural isotopic
abundances dfC and!3C and the isotopic distribution of Ne

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
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. N TABLE 1: Peak Positions and Corresponding Masses of
(a) Ne@Cr" > Ne@Ces' + C- Parent and Its Metastable long
1 t parent m Up Ug My my, — My
5 “ h ions (amu) (eV) (eV) (amu) (amu)
‘\“ 1 Cro" 840 8210 7974 816 24
> Ne@Go" 860 8211 7982 836 24
B | Ar@Cro" 880 8207 7984 856 24
c
g @ Up andmy _(Ud and my) are the peak position and mass of parent
= | lk ion (daughter ion), respectively.
1oLl il ol | -
PHNNN IR I current studies both the parent and daughter ions are singly
. . ; , , , charged Zy = Z, = 1). The peak positions deduced by Gaussian
7925 7950 7975 8000 8025 8050 fit and corresponding masses of daughter ions calculated using
lon Energy / eV eq 6 are listed in Table 1. The MIKE spectra reveal that'C
Ne@Gyo", and Ar@Go" cations undergo the following cage-
(b) Ne@Co shrinking reactions, also termed agd&limination/evaporation/
1 l“ loss reactions, respectively:
. w’ﬁf + +
= " .‘N Cro =G +C, (1)
~ 7 )
Py }A‘ \N + +
? | ﬂ M,‘ Ne@G, — Ne@Gg + C, (8)
2 i ]
= /? VR\ Ar@C;," — Ar@Cqs" + C, )
_ f \
i W ‘3‘\1 No evidence for release of the endohedral atoms was detected,
e M and no other fragmentation channels were observed in the
) —— , ‘ Mae— unimolecular reactions of B", Ne@Gy", and Ar@Gq".
8206 8208 8210 8212 8214 8216 4.3. Kinetic Energy Release Distributions and ¢Binding
lon Energy / eV Energies in Gig", Ne@G¢", and Ar@Cro". The experimental
Figure 4. MIKE spectra for unimolecular loss of a@nit from (m/z kinetic energy release distributions (KERDs) were determined

860) Ne@Go'. (a) The metastable ion peak shape. (b) The parention from the first derivatives of the metastable ion peak shapes
white solid lines illustrate the Gaussian fits. Both the parent and ions. If the MIKE spectra are Gaussians, the KERDs deduced

fragment ion shapes are clearly seen to be Gaussian. from both the left and right sides of the spectra will be
. . Boltzmann-like and can be modeled readily by a parameter-
Ar@Cr ~ Ar@Cs' + C; free approach using eq 3. The valuelakhich we found to

Ar@Cr give the best fit for all the KERDs generated from the Gaussian
MIKE spectra isl = 0.5. This| value corresponds to the
expected value for the most statistical situation, since the
translational density of states is proporticddb 5. This is
the case for the present study. The typical center-of-mass product
8202 8208 8214 KERDs for reactions 7, 8, and 9 together with the nonlinear
( lon Energy / eV 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

Intensity / a.u.

Intensity / a.u.

L L are superimposed on the experimental ones. Tparameter
000 7925 7950 7975 8000 8025 8050 8075 obtained from the fit curves is 0.5@& 0.01 for all the three
cations, Go™, Ne@Gyq", and Ar@Gg*t. The transition temper-

Figure 5. Metastable _Onlszain:;gze/ :{ Himolecular 10ss ofa G atures deduced from KERDs for reactions 7, 8, and 9 are 3326,
igu . i uni u 2 ; A
unit from (M/z 880) Ar@Gyq". The precursor ion peak is shown in the ?jggé:?: C?;T'Sjalfé dr?/?:?ﬁg\/:%'a;ggﬂg\g Egge kinetic energy
inset. Smooth white solid line: Gaussian fit to the experimental spectra q ’
(black solid line).

€= 1+ kT (10)
lines represent the experimental data, and the white solid lines
stand for the smoothed spectra obtained by Gaussian fit. Bothwhereeay is the average kinetic energy release. The binding
the parent and fragment ion shapes are clearly seen to beenergies for @ loss from Go*, Ne@Go", and Ar@Go"
deduced from the experimental KERDs are 14.8.4, 10.4+

Gaussian.
In MIKE spectra the peak position of a daughter ibh, is 0.5, and 10.6t 0.5 eV, respectively. All the parameters for the
closely related to that of its parent iodp, by the equation: KERDs are listed in Table 2. Under the same conditions the C
evaporation energy indg" is measured to be 1148 0.4 eV,
UdU, = (myZ)[(m,Zy) (6) which is much higher than that in;&. No destabilization of

Cro was found upon introduction of Ar and Ne into the cage.
wheremy andZy are the mass and charge of the daughter ion, No big difference in the €evaporation energy was observed
andm, andZ, are the mass and charge of the parent ion. In our for C75", Ne@Gq", and Ar@Gq', indicating that incorporations
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is probably due to the difference i, 8inding energy between

. Ci>Ca+Cz  (a) Cso and Go. According to the window’s mechanism proposed
g for incorporation and release of a nonmetallic afotine noble

;' '\‘ gas atoms were incorporated into fullerene cages by first
1 % breaking a bond to open a window in the cage, then entering
] 5, through the opening, and finally closing the window. The C

{ % binding of the fullerene cage provides information on how
i

|

;

readily a bond breaks in the cage and therefore furnishes a hint
about the easiness for opening the window. The observation
| I 7 that Gy is easier to be doped thandSignifies that Go might
1 T possess a lower inding energy than &. This is the case
the measured £evaporation energy in4gis indeed about 0.7
3 eV lower than that of g (see section 4.3 above).
In principle there should be a competition in the unimolecular
R . dissociations of endohedral fullerenes between elimination of
1 & Ne@Cr' > Ne@Ces'+ C, (b) an endohedral atom and loss of a @it from the cage. In
i what channel the endohedral fullerene cation decomposes
| depends on the activation energies of the two channels. The
7 fact that no evidence for release of the endohedral atoms was
¢ detected in the unimolecular dissociation of Ne@Cand
] IJ Ar@Cro" suggests that the activation energies for loss of the
I
|
|
I

Intensity / a.u.

1 2
Kinetic energy release / eV

ol

Intensity / a.u.

noble gas atom from these cations are higher than those for
loss of the G unit, that is, the energy barrier to open a window

» e in the cage for exclusion of the noble gas atom from the fullerene

1 B is higher than the barrier for Qoss.

Using the atomratom potential method, Pang and Brisse
demonstrated that introduction of Ne and Ar intg,Could
stabilize the cage by-0.17 and~0.39 eV, respectively, and
presumed that He, Ne, and Ar could form stable endohedral
Ar@Cr' > Ar@Css” + C2 (©) complexes with @.19 Theoretical approaches toward the
§ complexation energies of Ne@¢and Ar@Go by Sung et at!

;‘ gave almost the same stabilization energies with those by Pang
I % and Brisse. We did observe the difference in theb@hding

,' Y energy for Go™, Ne@Gyq", and Ar@Go' (see Table 2), but in

]l 1 terms of experimental uncertainties the differences are too small
[

[

|

1 2
Kinetic energy release / eV

Intensity / a.u.

to suggest an obvious stabilization of the cage towagd C
elimination upon incorporation of the noble gas atoms Ne and
oo o Ar into it. It must be pointed out, however, that the stabilities

1 T T of endohedral fullerenes and their cations might not be neces-
T T T sarily identical, and the difference in the Ginding energy
0 1 2 3 + . . N

Kinetic energy release / eV ?hetweeln Go fantd k|)'[|s ertl_dohedral (;itlo:( F(:oe@s éftddl;gctg/ equal
. I T : e value of stabilization energ¥cmp(R9 efined in
Figure 6. Kinetic energy release distributions (KERDs) in the center- . v
of?mass (CM) systemg()i/educed from the met(astable )peak shapes fo}h?fret_lcal_ approaches _by Pan_g e_lnd Bff$smd by Sur_lg et.
reactions (a) @' — Ces* + Ca, (b) Ne@Gq" — Ne@Gs" + Cz, and alt' This difference provides an indirect clue to the stabilization
(c) Ar@Grt — Ar@Ces™ + Ca. (Solid line: experimental. Open  Of fullerene cages upon encapsulation of noble gas atoms. Our
circle: fit based on eq 3.) results that the cage-binding energies of Ne@@nd Ar@Gg"
are not lower than that of 5" do indicate introduction of Ne
and Ar into Go does not destabilize the cage. This is in
agreement with the theoretical predictions by Sung et al. and

TABLE 2: Transition State Temperatures (T¥), Average
Kinetic Energy Releasesd,,), and C, Binding Energies

(AEvap) Deduced from KERDs Using the Finite Heat Bath by Pang and Briss¥:11
Theory and Gspann Parametery = 33 It is found that the € binding energy of the & cage is
parent T Ts €ay AEysp enhanced upon encaging of the noble gases and increases with
ions (K) (K) ' (ev) ev) the size of the endohedral atdfiThe G evaporation energy
Cro™ 3326 3610 0.50 0.43 1080.4 of Cgo" is increased by 0.6 and 0.9 eV for Ne and Ar,
Ne@Gy" 3373 3657 0.50 0.44 104 0.5 respectively, and by as large as 1.6 eV for Kr endohedral
Ar@Cr" 3435 3724 050 044 10605 (experimental errof0.4). This is not the case for/g and its
] ) ) - endohedrals. Here we found that thebthding energies in &,
of Ne and Ar into Go contribute a little to the stability of £ Ne@Gyg", and Ar@Gg" are almost identical within experi-

toward G loss, which contrasts with the findings in theigsC mental errors. The discrepancy in the effect erbidding upon
analogues and in metallofullerenes that the filled fullerenes are jntroduction of noble gas atoms mentioned above between

substantially stabilized compared with their precurséds. Rg@Gq" and Rg@G,* is probably in part because of the
4.4. DiscussionWe observed here that under similar genera- difference in size between the two cages. While the noble gas
tion conditions the incorporation yields for Ne@@nd Ar@ Go atoms fit nicely inside g, one can easily imagine that they

are higher than those for theigganalogues, respectivetyl his will not fit so readily inside Gg", especially if the isomer of
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Csgt formed by the loss of the Qunit is not very spherical, increase upon introduction of a Th atdf&P.13Incorporation
i.e., Ecmox(Rg@G") for reaction 11 is much more negative of two Sc atoms into & destabilizes the cage binding slightly,
than Ecmpi{Rg@Gsg") for reaction 12: whereas two Tb atoms have enhanced thev@poration energy
of the cagé?2bThe physical reason for this difference stems
Rg+ C60+ — Rg@QjO* Ecmp|X(Rg@Q50+) (11) probably from the number of electrons transferred within the
molecules: it has been proved that four electrons in total have
Rg+ 058+ — RQ@Q8+ Ecmp|x(R9@Qs+) (12) been transferred from the two Sc atoms to thged@ge and the
valence state of Sc in 8@ G4 is +2, whereas the Tbh atom is
C60+ . C58+ +C, AEvap(C60+) (13) in its +3 valence state, and the electronic structure ofd6g,4

is (Thy)®"(Cgs)®~.12¢dThe G binding energies of & (D isomer)
and SeN@ GCgo (1) and Th@ Ggo (Dsn andly) are identical within

+_, + +
R9@Go Ry@Gs +C; AEvaP(Rg@QiO ) (14) experimental uncertainty, indicating that the most unstéble
andDs, isomers of g have been stabilized by the clustersiéc

Using reactions 11, 12, 13, and 14, one can deduce relationship

and T to the level ofD,-Cgg that is the most stableggcage!®
15 amongEcmp(RI@Go*), Ecmp(RI@Gst), AEafRI@Go"), - : o .
and AE,aCeq") by forming the thermodynamic cycle: The very reactive atom N, not the, @Qnit, was eliminated in

the unimolecular reactions of N@& and N@Gg*, suggesting

g@Css" + G, the binding energy for N-loss is lower than that for emission of

Re@Cyg* Csst + C, + Rg the Cz ur!it.7aWe found tha.t the contribution of noble gases to
NG, e the binding energy of & is much smaller than that in the

Coo~ + Re metallofullerene cases. It is found that upon incorporation of

+ N metals the fullerene cages are in general stabilized by an
AEvap(Rg@CGO ) — AEvap(CESO )= intramolecular electron transfer from the metal to the Gag#.

Ecmplx(Rg@Q;E;L) — Ecmplx(Rg@QO+) (15) The electron transfer within the molecule generates a positively

charged metal core surrounded by a negatively charged carbon

Since there is a big difference betweBgn(Rg@Gs") and cage—the so-called “superatom” structarand plays a key role
Ecmp{Rg@Gso™) as discussed above, one can find from eq 15 in the formation of metallofullerene&d.But this is not the case
that it is rational that the £ evaporation energyAEvay when the noble gases and extremely reactive N atom are
(Rg@Go"), for the G loss from Rg@Gs* is larger than that  involved as guest atoms in endohedrals. Within these nonmetal-
from Csg" (AEvaf(Ceo™)). lic endohedral fullerenes no electron transfer occurs, the guest

In comparison with G, however, Go has more room inside ~ atoms are located at or very close to the center gfdC Cro,
for the noble gas atom. If the,Gs removed from one end of ~ and the interaction between the endohedral atom and carbon
Cro, it would not affect the fit very much. In other words, there  cage is the van der Waals force. Because the van der Waals
will be no big difference betweeBcmpx(Rg@Go*) for reaction force between the noble gas atom ang/Cyo is much weaker

16 andEcmpxRg@Gsg") for reaction 17. than the ionic bond between the metal ion and the negatively
charged fullerene cage of metallofullerene, it is rational that
Rg+ C,,  — Rg@G," Emp(RI@G,") (16)  the contribution of encaged metal to the liinding energy of
the cage is stronger than that of the noble gas atom. This is
Rg+ Cys — RO@Gs Ecmp|x(R9@Q_ss+) (17) probably one of the reasons that the nonmetallic endohedral
fullerenes are always produced in low yield.
AE,{Rg@GC,") — AE,(Cro") = 5. Conclusions
Ecmp(RI@Gs") — Ecrp( RI@G") (18) The unimolecular decompositions of4*, Ne@Gg", and

o o o ) Ar@Crot have been studied using tandem mass spectrometry
Therefore, it is not too surprising that the Binding energies  techniques. Information on the energetics and dynamics of the
for Ne@Go", Ar@Cro", and Go" are almost identical within - reactions has been extracted. These cations undergo the cage-
e>§per|mental uncertainties (see eq 18 deduced in the same Wa¥hrinking reactions via £loss, and no endohedral atom is
with eq 15). _ o detected in the reaction. The activation energies {do€s from

We have carried out first a preliminary stut,and then Ne@Gg" and Ar@Gq" are lower than those for emission of
very thorough studie®;=121%2f the unimolecular decomposi-  the Ne and Ar atoms. The cage linding energies determined
tions of endohedral fullerene cations using tandem massfrom the kinetic energy release distributions in unimolecular
spectrometry. Among the compounds studied were Ngf@C decompositions of @", Ne@Gg", and Ar@Gq" increase in
Ar@Ceo, Kr@Cso, N@Gso, N2@Gso, N@Cro, La@ Gz, Th@ G, the orderAE,afCro") < AEva(Ne@Gq") < AEyaAr@Cro"),
Ti2@Go, Th,@Cas, SE@Cay, as well as SN@Cgo. Here we  pyt no big difference in the cage binding was observed within
added another two new members, Ne@&nhd Ar@Gy, into experimental errors. Inclusion of the Ne and Ar atoms infe C
this family. All these endohedral radicals expel its and  contributes a little to the stability of 4 toward G loss. The
undergo cage shrinking in the unimolecular reactions except effect on G binding upon introduction of the noble gas atoms
N@Cso and N@Gy that, instead, lose the endohedral afm.  into Cgois much larger than that for incorporation of these atoms
The KERDs were measured for the emission of thei@t from into Cyo. This difference is in part because of the discrepancy
the positive ions of these species as well as of the correspondingp, size between  and Go. The contribution of encaging the
empty fullerenes €, Cro, Cgo, Csz, and Ga. The binding  metallic atom to the stability of the fullerene cage toward C

energies for gloss were extracted from the KERDs using the |oss is much larger than that of encapsulating the noble gas
finite heat bath theory. Different endohedral atoms introduced ztom.

have distinct effects on the binding of the fullerene cage. There
is a pronounced increase in the €limination energy of & Acknowledgment. This research is partially supported by
upon introduction of a La atom into the cage and a further the Hebrew University Intramural Research Fund Basic Project



Dissociations of G" and Its Noble Gas Cations

Awards. We thank the Austrian Friends of the Hebrew
University. The work at Yale is supported by the National

Science Foundation. The Farkas Research Center is supporte

by the Minerva Gesellschaftifulie Forschung GmbH Nhchen.

References and Notes

(1) (a) Weiske, T.; Bbme, D. K.; Hrusk, J.; Krchmer, W.; Schwarz,
H. Angew. Chem., Int. Ed. Endl991], 30, 884. (b) Weiske, T.; Hrusa J.;
Bohme, D. K.; Schwarz, Hdely. Chim. Actal992 75, 79. (c) Weiske, T.;
Wong, T.; Krchmer, W.; Terlouw, J. K.; Schwarz, Angew. Chem., Int.
Ed. Engl.1992 31, 183.

(2) (a) Saunders, M.; Jimez-Vaquez, H. A.; Cross, R. J.; Poreda,
R. J.Sciencel993 259 1428. (b) Saunders, M.; Jimez-Vaquez, H. A.;
Cross, R. J.; Mroczkowski, S.; Freedberg, D. |.; Anet, F. ANhture1994
367, 256. (c) Saunders, M.; Cross, R. J.; Jvee-Vaquez, H. A.; Shimshi,
R.; Khong, A.Sciencel996 271, 1693.

(3) Becker, L.; Poreda, R. J.; Bada, J.3ciencel996 272, 249.

(4) Akasaka, T.; Nagase, Bndofullerenes: A New Family of Carbon
Clusters Kluwer Academic: Dordrecht, The Netherlands, 2002.

(5) (a) Murata, Y.; Murata, M.; Komatsu, KChem. Eur. J2003 9,
1600. (b) Murata, Y.; Murata, M.; Komatsu, K. Am. Chem. So003
125 7152. (c) Stanisky, C. M.; Cross, R. J.; Saunders, M.; Murata, M.;
Murata, Y.; Komatsu, KJ. Am. Chem. So€004 127, 299. (d) Komatsu,
K.; Murata, M.; Murata, Y.Science2005 307, 238.

(6) (a) Saunders, M.; Jimez-Vaquez, H. A.; Cross, R. J.; Mrocz-
kowski, S.; Gross, M. L.; Giblin, D. E.; Poreda, R.J.Am. Chem. Soc.
1994 116, 2193. (b) Khong, A.; Jirmeez-Vaquez, H. A.; Saunders, M.;
Cross, R. J.; Laskin, J.; Peres, T.; Lifshitz, C.; Strongen, R.; Smith, A. B.
J. Am. Chem. S04998 120, 6380. (c) Peres, T.; Cao, B.; Cui, W.; Khong,
A.; Cross, R. J., Jr.; Saunders, M.; Lifshitz,16t. J. Mass Spectron2001,
210211, 241. (d) Laskin, J.; Peres, T.; Lifshitz, C.; Saunders, M.; Cross,
R. J.; Khong, A.Chem. Phys. Lettl998 285, 7.

(7) (a) Cao, B.; Peres, T.; Khong, A.; Cross, R. J., Jr.; Saunders, M.;
Lifshitz, C.J. Phys. Chem. £001, 105 2142. (b) Knapp, C.; Weiden, N.;
Kéb, H.; Dinse, K.-P.; Pietzak, B.; Waiblinger, M.; Weidinger, Kol.
Phys.1998 95, 999. (c) Dietel, E.; Hirsch, A.; Pietzak, B.; Waiblinger,
M.; Gruss, A.; Dinse, K.-PJ. Am. Chem. Sod.999 121, 2432.

(8) Gluch, K.; Feil, S.; Matt-Leubner, S.; Echt, O.; Scheier, P rivia
T. D. J. Phys. Chem. 2004 108 6990.

(9) (a) Son, M.-S.; Sung, Y. KChem. Phys. Letfl995 245 113. (b)
Jimeez, H. A.; Cross, R. JJ. Chem. Phys1996 104, 5589. (c)
Darzynkiewicz, R. B.; Scuseria, G. E. Phys. Cheml997 101, 7141. (d)
Patchkovskii, S.; Thiel, WJ. Chem. Physl997 106, 1796. (e) Bal, M.;
Patchkovskii, S.; Thiel, WChem. Phys. Lettl997 275 14.

(10) Pang, L.; Brisse, Rl. Phys. Chem1993 97, 8562.
(11) Sung, Y. K.; Son, M.-S.; Jhon, M. 8iorg. Chim. Actal998 272
33.

J. Phys. Chem. A, Vol. 109, No. 45, 20080263

(12) (a) Laskin, J.; Jinmeez-Vaquez, H. A.; Shimishi, R.; Saunders,

M.; der Vries, M. S.; Lifshitz, CChem. Phys. Lettl995 242 249. (b)
askin, J.; Peres, T.; Khong, A.; Jimez-Vaquez, H. A.; Saunders, M.;
ross, R. J. Lifshitz, CInt. J. Mass Spectron1999 185/186/18761. (c)

Inakuma, M.; Yamamoto, E.; Kai, T.; Wang, C.; Tomiyama, T.; Shinohara,

H.; Dennis, T. J. S.; Hulman, M.; Krause, M.; Kuzmany,JHPhys. Chem.

B 200Q 104, 5072. (d) Shi, Z.; Okazaki, T. Shimada, T.; Sugai, T.; Suenaga,

K.; Shinohara, HJ. Phys. Chem. BR003 107, 2485.

(13) Peres, T.; Cao, B.; Shinohara, H.; LifshitzI@. J. Mass Spectrom.
2003 228 181.

(14) Cao, B.; Wakahara, T.; Tsuchiya, T.; Kondo, M.; Maeda, Y.;
Rahman, G. M. A,; Akasaka, T.; Kobayashi, K.; Nagase, S.; Yamamoto,
K. J. Am. Chem. So2004 126, 9164.

(15) (a) Morgan, P. P.; Beynon, J. H.; Bateman, R. H.; Green, B. N.
Int. J. Mass Spectrom. lon Phyk978 28, 171. (b) Kirshner, N. J.; Bowers,
M. T. J. Phys. Chem1987 91, 2573.

(16) Lifshitz, C.; Louage, FJ. Phys. Chem1989 93, 6533.

(17) (a) Holmes, J. L.; Osborne, A. Int. J. Mass Spectrom. lon Phys.
1977, 23, 189. (b) Lifshitz, C.; Tzidony, Hnt. J. Mass Spectrom. lon Phys.
1981, 39, 181.

(18) Jarrold, M. F.; Wagner-Redeker, W.; Allies, A. J.; Kirchner, N. J.;
Bowers, M. T.Int. J. Mass Spectrom. lon ProcessE334 58, 63.

(19) (a) Klotz, C. EZ. Phys. D199, 21, 335. (b) Klotz, C. EJ. Chem.
Phys.1989 90, 4470. (c) Klotz, C. EInt. J. Mass Spectrom. lon Processes
199Q 100, 457.

(20) (a) Laskin, J.; Hadas, B.; Ma T. D.; Lifshitz, C. Int. J. Mass
Spectrom1998 177, L9. (b) Laskin, J.; Lifshitz, CInt. J. Mass Spectrom.
2001, 36, 459. (c) Matt, S.; Echt, O.; Sonderegger, M.; David, R.; Scheier,
P.; Laskin, J.; Lifshitz, C.; Mk, T. D. Chem. Phys. Lettl999 303 379.

(d) Lifshitz, C.Int. J. Mass Spectron200Q 198 1.

(21) (a) Baer, T.; Hase, W. lUnimolecular Reaction Dynamic®xford
University: New York, 1996; pp 173174. (b) Urbain, P.; Remacle, F;
Leyh, B.; Lorquet, J. CJ. Phys. Chem1996 100, 8003.

(22) (a) Shinohara, HRep. Prog. Phy200Q 63, 843. (b) Aihara, JJ.
Phys. Chem. 2002 106, 11371.

(23) (a) Cao, B.; Hasegawa, M.; Okada, K.; Tomiyama, T.; Okazaki,

T.; Suenaga, K.; Shinohara, H. Am. Chem. SoQ001 123 9679. (b)
Akasaka, T.; Nagase, S.; Kobayashi, K.; Waelchli, M.; Yamamoto, K.;
Funasaka, H.; Kato, M.; Hoshino, T.; Erata, Ahgew. Chem., Int. Ed. Engl
1997, 36, 1643. (c) Akasaka, T.; Wakahara, T.; Nagase, S.; Kobayashi, K.;
Waelchli, M.; Yamamoto, K.; Kondo, M.; Shirakura, S.; Kato, T.;
Caemelbecke, E. V.; Kadish, K. M. Am. Chem. So200Q 122, 9316.
(d) Olmstead, M. M.; des Bettencourt-Dias, A.; Duchamp, J. C.; Srevenson,
S.; Marcui, D.; Dorn, H. C.; Balch, A. LAngew. Chem., Int. EQ001 40,
1223.

(24) (a) Kobayashi, K.; Sano, Y.; Nagase,JSComput. Chen001,

22, 1353. (b) Kobayashi, K.; Nagase, Shem. Phys. Letfl998 282, 325.

(c) Campanera, J. M.; Bo, C.; Olmstead, M. M.; Balch, A. L.; Poblet, J. M.

J. Phys. Chem. 2002 106, 12356.



