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Do Nitrogen-Atom-Containing Endohedral Fullerenes Undergo the Shrink-Wrap
Mechanism?
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The endohedral nitrogen-atom-containing fullerenes, Nég@ad N@G,, were studied mass spectrometrically.

The neutral endohedrals are thermally unstable. This instability can be followed by mass spectrometry as
well as by EPR spectroscopy. The corresponding ions were studied by using mass-analyzed ion kinetic energy
(MIKE) spectroscopy. Unlike metal-containing and noble-gas-containing endohedral fullerenes studied earlier,
the ions N@Ge"™ and N@Got do not lose G groups unimolecularly but lose the nitrogen atom instead. This
indicates that the activation energy for nitrogen-atom loss is lower than that for, ten@nation from the

cage. This was verified through the analysis of kinetic energy release distribution (KERD) measurements.
The results are discussed in light of the thermal instability of nitrogen-atom-containing endohedral compounds
compared to noble-gas-containing analogues.

Introduction a prominent peak in the mass spectrum at a mass-to-charge ratio,
m/z, of 7201314 Yet, to the best of our knowledge, there has
been no serious mass spectrometric study of N@EN@ Cyo.

The earliest experiments yielded a concentration of only’ 10
paramagnetic centers pegdnolecule, and mass spectrometric
identification of the complex was difficult.The N@Go and
N@C;, compounds are the topic of the present study. In addition
to reporting on their electron impact induced mass spectra, we
will concentrate on their gas-phase ion chemistpecifically,

One of the fascinating properties of fullerenes is their ability
to trap atoms and small molecules inside the cage. The first
evidence for endohedral metallofullerenes was reported soon
after the discovery of §.! These compounds are stabilized by
the transfer of electrons from the metal to the carbon édge.
They are prepared by adding the appropriate materials during
the formation of the fullerenes. An alternative method involves

the application of high temperatures and high pressures for thethe unimolecular fragmentations obtained through MIKE (mass-

encapsulation of noble gas atoms inteo€ In the latter analyzed ion kinetic energy) spectrometry. Fullerenes, endo-

compounds, the endohedrgl atoms are trapped inside thehedral fullerenes, and their respective cations are generally
fullerene because the holes in the cage are too small for themknown to undergo consecutive Eliminations in what used to

to escape. Endohedral compounds can also be prepared by ior&e called the Rice shrink-wrap mechani&m®We would like

gﬁ;?'gﬁ‘(t;?inétgmSfutﬁgqu;r;g%?ohr?;b:;eegsafﬁ’ﬁ)lggnt;;g?}'é"tnoand to determine whether fullerenes containing an endohedral
9 ' nitrogen atom undergo L&limination.

noble-gas-containing dodecahedréhe. . . . .
. ; . Using the technique of MIKE spectrometry, it is possible to
A patrticularly interesting endohedral compound that has been deduce kinetic energy release distributions (KERDs) for uni-

produced by the ion implantation technique is N@CThe e >

most distinct feature of N@G is that an extremely reactive Zxc'::(:\g;ji?r: %?C\?artrup:aobslglOigfo.rmggglr:ngb%fuih;? elz<nEezFr2Desti§s”0;:ISd

atom (atomic nitrogen) is stabilized in its electronic ground- . . . oo geucs
dynamics of the reactions involved. The Binding energies

state configuration by the protective shielding ofo.€ The
fullerenes are protective cages for the atomic nitrogen that haveOf the empty fullerenes, endohedral metallofullerenes, and noble
gas endohedral fullerenes have been deduced from such

been termed “chemical Faraday cagé8ecause the encapsu- - 710 et .
lated atom keeps its atomic structure, the EPR (electron experiment3/*% Similar experiments performed on N@f@nd
)}\I@Cm are reported here.

paramagnetic resonance) technique was found to be extremel
useful in the investigation of this systeimnt!

Mass spectrometry has played a central role in the study of EXPerimental Section

endohedral fullerenes>12 The discovery of g was based on 1. Preparation of N@Cs and N@Cro. The apparatus for
- — - — preparing endohedral compounds by the ion implantation

Part of the special issue “Aron Kuppermann Festschrift”. technique has been described in detail previot3lye reaction
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*The Hebrew University of Jerusalem. takes place on a rotating aluminum cylinder. On one §|de is an
8 Yale University. oven producing a continuous beam of fullerene, which con-
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Figure 1. Mass spectrum of a N@gcontaining fullerene sample 840 850 860

made by N ion-beam implantation into .
m/z

Figure 2. Mass spectrum of a N@#containing fullerene sample
made by N ion-beam implantation into fa.

denses on the cylinder. A source of atomic nitrogen ions is
mounted on the other side of the target. The beam ofis\
made by passing Nthrough an electrical discharge. The ions
are then accelerated to 200 eV, and they slam into the fullereney o tive intensities can be fit knowing the isotopic abundance
surface. After a few hours, the apparatus is opened, and the¢ 13- that is the unique signature of N@. The ratio of
target is removed. The endohedral character of the N atom insidegjjioq to empty fullerene is seen to be about 1:1400 for N@C
the fullerene cage is verified by EPR experiments. Combining g concentration is between about 1 and 2 orders of magnitude
the re;ults of several separate beam runs increases the amourpﬁgher than some of the earlier results reported on the basis of
of enriched endohedral sargple. EPR measuremenisBecause the N beam is made from

2. Mass Spectrometry and MIKE Spectrometry.Measure- — nygjecyjar nitrogen, there is a small but discernible signal of
ments were performed on a high-resolution double-f(gcusmg N»@Ceq", the ratio of filled to empty fullerene being 1:21 000
mass spectrometer of reversed geometry, the VG-ZABUZF, for No.@ G for this specific sample. It is worthwhile mentioning
running mass spectra at a very high dynamic range as well asy, 4t we have previously seen®Cs;" signals from N@Ceo
using the technique of MIKE spectrometry. The endohedral , o7 req from molecular nitrogen ango®y the high-pressure
fullerene cations were obtained by ionization of the correspond- process.
ing neutral samples.. . . The degree of incorporation of nitrogen atoms intg G

The samples were introduced into the mass spectrometer usings,me\hat higher than that forsEunder similar experimental
the dlrec_t Insertion p_robe and evaporated at 400 _Th‘?_ conditions. The ratio of the filled N@f to the empty G
electron-impact conditions were as follows: electron ionizing ¢jierene is about 1:300 (Figure 2).
energy, 70 eV; emission current, 5 mA; ion source temperature, N@GCso is stable at room temperature at ambient conditions,
400°C; and resolution, 1100 (10% valley definition). Metastable 54 g joss of the EPR signal intensity is observed after storage
ion peakshapes were (_jetermlned by scanning the el?CtrOStat"for several months in the dark. Above 500 K, however, the EPR
ana]yzer and using S|ngle-|on counting. qu counting was signal intensity starts to decrease on a time scale of midbites.
achieved by a combination of an electron multiplier, amplifier/ \ye \vere interested to determine whether the mass spectrometric
discriminator, and multichannel analyZ8rThe experiments  gjgna s also lost following a heating period. An experiment
were performed at 8-kV acceleration voltage and a main beam, a5 qone by accurately dividing a sample in half; one-half was
width of 1.5-5 V: The data were accumuIaFed In & COMpUter- peated at 230 C for 4 h, while the other half was used as a
controlled experiment, monitoring thgﬁmaln beam scan and ¢ono1 The EPR data for the heated and unheated parts were
correcting for the drift of the main beafh.The metastable ion 5 6f1ly analyzed. The ratio of EPR intensities of the heated

peak shapes were mean values 0f- 100 accumulated scans. 4, nheated samples was found to be 0.203.004, indicating
The product KERD§ were determlnesd from the first derivatives 4 |0 upon heating of the free nitrogen atom inside the cage.
of the metastable ion peak shajges: The same two samples were subjected to mass spectrometric
studies. The mass spectrometric ratio of nitrogen-atom-contain-
ing fullerene to empty fullerene decreased by a factor of 0.17

1. Mass Spectra and Thermal Stability.The combination upon heating. There are two important conclusions from this
of the ZAB-2F mass spectrometer with ion counting and with observation: (1) Although we are heating the samples in the
the multichannel analyzer allowed the detection of even very ion source, the degree of loss of the nitrogen atom over the
low degrees of incorporation into the fullerene cage, becauseshort period of mass spectrometric analysis is not critical. (We
of the very wide dynamic range achieved. Figure 1 demonstratesdo observe, however, a loss of the ion signal upon prolonged
this for N@Go that has been prepared by the ion-beam heating of the sample in the ion source.) (2) Loss of the EPR
implantation technique. Beginning afz 734, Figure 1 shows  signal is due to loss of the nitrogen atom from the cage. No
for the first time the presence of a series of small peaks, whosealternative nitrogen-containingsgisomer is formed. If it were

Results and Discussion
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Figure 3. Metastable ion peak shape for the indicated reaction of loss of the endohedral nitrogen atom fragt K@iy place in the second
field-free region of the VG-ZAB-2F obtained through a MIKE scan of the electrostatic analyzer. The precursor parent ion peak shape is given in
the inset.
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Figure 4. Metastable ion peak shape for the indicated reaction of N@t@king place in the second field-free region of the VG-ZAB-2F obtained
through a MIKE scan of the electrostatic analyzer. The precursor parent ion peak shape is given in the inset.

formed, then the loss of the EPR signal would not be tion of the endohedral atom and the loss of au@it from the
accompanied by a similar loss in the mass spectrometric signalcage. For example, in the case of N@GC there are two
at the mass-to-charge position corresponding to the endohedrapossible channels

species. We do not claim that we are observing the neutral

analogue to reaction 1a, as we cannot observe the products. The N@Cﬁ0+ — C60+ +N (1a)
nitrogen atom will almost certainly react on the outside of the
fullerene double bond to form a CCN three-membered ring that N@GC, —N@GCs; +C, (1b)

is an exposed free radical. The latter can then react with another

fuII_erene to form a nonvolatile _pc_)lymer that Wouk_j not show kg spectrometry is a powerful technique for determining
up in the mass spectrum. Even if it were a free radical, the EPR  hich channel the endohedral fullerenes follow in their uni-
spectrum would be smeared out and probably unobservable. qecylar reactions. Figure 3 represents the metastable ion peak
The present data are the first efforts we are aware of in the shape for the dissociation taking place in the second field-free
direction of mass spectrometry of the nitrogen-atom-containing region of the ZAB-2F. The position of the maximum of the
endohedral fullerenes. It is particularly interesting to study the metastable ion peak is at 7660.5 eV, whereas the parent ion
unimolecular reactions of N@g" and N@Go" described in peak is at 7808.1 eV laboratory energy. From the known mass
the next section to see how different they are from those of the of the reactant parent ionm(z 734) and the ratio of kinetic
endohedral metallofullerenes and the noble-gas-containing en-energies (0.981), the product ion mass is calculated to be 720.
dohedral fullerenes, which have been demonstrated to lp¥8 C  |n other words, the reaction is 1a, the clean elimination of a
2. Unimolecular Decompositions of N@&"™ and N@Co*. nitrogen atom leading to &g". No other fragmention channel
In principle, there should be competition among the unimo- was observed for N@4g". The endohedral ion N@g"
lecular reactions of endohedral fullerenes between the elimina-undergoes a similar elimination of the nitrogen atom, reaction
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1.0

Ceo —Css +C (6)

N@C,, "~ Cy* + N was run under similar conditions of energy resolution, and the
corresponding values obtained wer@l}) = 0.45+ 0.02 eV,
T#6) = 35004 200; andl = 0.50+ 0.00.

4. Binding Energies and Activation Energies.In a recent
review papett of the current status of the,®inding energy in
Cso", we have come to the conclusion th®E,a(Cso") = 9.5
eV. Because gevaporation from N@gs*, reaction 1b, does

Intensity
o
b

0.0

0.0 05 10 15 20 25 not compete with reaction 1a, it must be concluded that the
Center of mass kinetic energy release, eV evaporation energy of the nitrogen atom from N@C(i.e.,
Figure 5. Center-of-mass kinetic energy release distribution for loss € activation energy for reaction 1a) is lower than that for C
of the endohedral nitrogen atom from N@C evaporation. It must be pointed out, however, that the values
of the evaporation energy of,@rom Ceot and from N@Go"
2a, (Figure 4) might not necessarily be equdlif they are nearly equal, then
a value of about 9.5 eV should be considered as an upper limit
N@Cm+ — C7o+ + N (2a) for the activation energy of reaction la.

The Gspann parameter defines the degree of looseness of the

The loss of the endohedral atom is quite different from the usual transition state, as

behavior of endohedral metallofullerenes and noble-gas-contain- _ _

ing endohedral fullerenes, which underge €imination and InA=Ink(Ty) =y 7)
do not lose the endohedral atom before they reach a critical

size. , , been demonstratétto possess a very loose transition state with
3. Kinetic Energy ReleasesUnimolecular reactions that high Gspann parameter(6) = 33. Using eqs 4 and 5 with
possess no reverse activation energies lead to ki_netic energyne preferred Gspann parameter for reactidh)g6) = 33, and
release distributions (KERDs) that are Boltzmann-like and can o nresent experimental kinetic energy release data for reaction
be modeled by statistical theories. In the model-free approach, g givesAE,{Cec") = 11.04 0.6 eV. This value is somewhat
the KERD is written in the forrf higher than, but within error limits of, previous determina-
| . tions'%31 of the binding energy of £in Csot.
p(e) = € exp(-elkgT’) (0 <1<1) 3) The degree of looseness of the transition state for reaction
la is unknown. It is conceivable that for reaction la is
wheree is the kinetic energy releasds a parameter that ranges  considerably lower than 33. One reason is that there are 60 ways

whereA is the Arrhenius preexponential factor. Reaction 6 has

from zero to unity kg is the Boltzmann constant, afd is the of choosing the reaction coordinate in the case of reaction 6,
transition state temperature defined by the average kinetic energyi.e., the reaction path degenerétis ¢ = 60, whereass is
on passage through the transition state. The valuésofl T+ presumably 1 for reaction la. Takingla)= 33 — In 60 =

are obtained by fitting the experimental KERD with eq 3. The 28.9 and using eqgs 4 and 5 with the kinetic energy release data
value ofl that was found to give the best fit for all of the KERDs  for reaction 1a, one obtainsE,,f1a)= 10.8+ 0.6 eV. This is
is | = 0.5. This corresponds to the expected value for the most again an upper limit for two reasons: (1) In view of the very
statistical situation, as the translational density of states is |ow intensities of the nitrogen endohedral samples, some energy
proportionat’ to €°°. resolution was sacrificed in favor of increased sensitivity. This
The isokinetic bath temperature is defined in finite heat bath leads to increased metastable ion peak widths and increasing
theory (FHBT) as the temperature to which a heat bath should vaporization energies deduced therefrom. (2) The transition state
be set so that the canonical rate const{T,), is equal to the  for reaction 1a is probably not as loose as the one for reaction
microcanonical rate consta(E), sampled in the experiment. 6 or 1b (see ref 31 for a detailed discussion of the looseness of
The isokinetic bath temperature is giver’bsP the transition state for £=limination, reaction 6). As value of
28.9 corresponds to a preexponentafactor of A = 3.5 x
_ exp(/C) — 1 @) 1017 571, as the most probable rate constank(i,) ~10P sL.
ylC Such a highA factor is very unlikely for reaction 1a. If the
preexponentialA factor for reaction la is as low as has been
whereC is a dimensionless heat capacity gni the Gspann assumed for its neutral analog#ed = 103 s71, theny(1a)=
paramete?? The vaporization energ\E,4p (that can be equated  18.4. Using egs 4 and 5, one then obtains a lower limit on the
with the activation energy), and the isokinetic bath temperature binding (activation) energy of reaction 1&F,,f1a)= 6.7 eV.

Ty

are connected via the Trouton relation These arguments place the activation energy for reaction 1a in
the range 6.% AEs(la) < 11.0 eV. Restricting the range of
AE,q, = vkgTy (%) values of the preexponentigh factor and of the Gspann

parametery further would restrict the range of activation
A typical KERD obtained for reaction l1a is presented in energies deduced.

Figure 5. The modeled KERD (eq 3) is superimposed on the The behavior of the nitrogen-atom-containing endohedral ions
experimental curve (Figure 5). Several experiments of this type that lose the nitrogen atom unimolecularly rather than by
under the highest possible energy resolutions were combined,evaporating €is quite unique but is entirely in agreement with
and the following results were derived: average kinetic energy the thermal instability of the corresponding neutf&f&Whereas
releasefd[ha = 0.51 £ 0.02 eV; transition state temperature, relatively mild heating of N@¢s leads to the release of the
T#1a)= 40004+ 240 K; and parametdr= 0.504 0.01. The nitrogen atom from the cage, the extrusion of He from He@C
C, evaporation from g", reaction 6 requires thermal treatment for hours at 90050 K and is
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accompanied by an irreversible destruction of the fullerene cage.

It has been demonstrated computatiorf@liyat the nitrogen

Cao et al.

(8) Weidinger, A.; Waiblinger, M.; Pietzak, B.; Almeida Murphy, T.
Appl. Phys. A1998 66, 1.
(9) Pietzak, B.; Waiblinger, M.; Almeida Murphy, T.; Weidinger, A.;

atom escapes the cage via formation of intermediates that argsnne, M.: Dietel, E.; Hirsch, AChem. Phys. Let1997, 279, 259.

covalently bound adducts with endohedral aza bridges. An

(10) Knapp, C.; Dinse, K.-P.; Pietzak, B.; Waiblinger, M.; Weidinger,

autocatalytic bond breakage ensues that requires less energy thafy Chem. Phys. Letl997 272, 433. o _
the considerable cage distortion needed for penetration byW(ll) Dietel, E.; Hirsch, A, Pietzak, B., Waiblinger, M.; Lips, K.;

helium. A similar autocatalytic mechanism may prevail in the

eidinger, A.; Gruss, A.; Dinse, K.-B. Am. Chem. S04999 121, 2432.
(12) Laskin, J.; Peres, T.; Lifshitz, C.; Saunders, M.; Cross, R. J.; Khong,

case of the ionic species. The result is that the activation energya. Chem. Phys. Lettl998 285, 7.

for loss of the endohedral atom from N@C is lower than
the evaporation energy ofCwhereas the reverse is true for
He@Gyo"™. The activation energy calculated from the KERD
measurements, 67 AE,qf1a) < 11.0 eV, is indeed lower than

the G evaporation energy, but is considerably higher than the
Arrhenius activation energy deduced or energy barriers calcu-

lated32 40—67 kcal/mol for the escape of N from neutral
N@GCso. Additional studies are clearly required to establish the
energetics on a firmer basis.
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