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Direct Evidence for the Sequential DecayCeg —Css " —Csi™— - -
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Using a two sector field mass spectrometer in combination with a crossed beams ion source we have
obtained direct experimental evidence thaf, @agment ions such a€sg, Cs, Css,... produced by
electron impact ionization of g may be formed by unimolecular decay of thg,@arent ion involving
sequential loss of € Moreover, by comparing experimental and theoretical breakdown graphs the
overriding conclusion is that in the case®$" production (with; = 1,2,3) sequential loss of two €
units dominates over the loss of a singlg @it. [S0031-9007(96)01297-5]

PACS numbers: 36.40.Qv, 34.80.Gs

Despite numerous recent studies [1], the energetics arf@3]. On the other hand, molecular dynamics simulations
dynamics of the fragmentation of excited fullerene ionsof highly excited G, have revealed €loss and, at a low
remains a matter of controversy. On the one side reportehte, loss of C and £[24] or even two G units [25], but
dissociation energies for the unimolecular decay reactionlarger fragments were never observed. It is interesting to

Cel* = Csf + Ca 1) note that G fragments of fuIIerenes., produced in an argon
microwave plasma, appear to provide a novel, efficient ap-

range from about 4.0 eV [2] up to about 14 eV [3], hroach to synthesize fine-grained diamond without the ad-
the most likely value being 7.1 eV [4] as confirmed yition of hydrogen or oxygen [26].

recently in two independent studies [5,6]. In contrast, the |, this | etter, we present direct experimental evidence
formation mechanism for smaller fragment ions such asgy; he decay ofC¢" into Csi™ by sequential ejection

C'56+,C_513...,C30++produced either by collision induced o 1o C, units via reaction (2a) for singly, doubly, and
dissociation ofCs [7—10], by photon [11,12], electron |, charged G, precursor ions. Specifically, we find in
[13—15], or heavy ion impact [16] ionization ofggis still  he present studies that the precursor i6gs” decay into

a controv_ersial issue. Whereas in all cases large yield§5§+ in a first experimental time window, and that these
of even-sized fragment ions have been observed (also f?froduct ionsCsi decay subsequently int@s"

in a
ions with charges larger than= 1 [14]), it has remained 6

X _second experimental time window available in our double
unclear whether these fragment ions result from Sequem'%cusing mass spectrometer by decoupling the analyzing

loss of G, units via fields [27]. Moreover, using RRKM type calculations

Ced "= Csi™ > Ce — - (2a) we can demonstrate that under the present experimental
or from the ejection of larger molecular carbon units (e.g. conditions the major contribution to thesg” fragment
C4,Cs,...) via ion current is due to the sequentlal loss of twe hits

. . via reaction (2a), whereas reaction (2b) constitutes only a

Coo = Coo-2m T Com: (2b) " minor reaction channel.
with m = 2,3,.... The occurrence and the relative reac- The present measurements were performed with a
tion probability for these two reaction routes will dependdouble-focusing sector-field mass spectrometer with a
on the excitation energy @4 and, hence, on the time mass range of 10000 amu at a nominal acceleration
since its formation. So far, however, there exist conflictingvoltage of 3 kV [14]. Pure g, powder was evaporated in
experimental results. Several mass spectrometric studi@stemperature-controlled oven typically operated at around
[4,17,18] have provided evidence thHag, * may lose the 900 K. After entering the ion source via a skimmer and
equivalent of four carbon atoms in a given experimentabnother collimator the effusive & beam was crossed
time window, but it was not possible to directly distin- at right angles with an electron beam typically operated
guish between reactions (2a) and (2b). Some authors aat an energy of 200 eV and electron currents of up to
gued that sequential decay prevails [1,4—6,10]. Other aut mA (for details of the ion production see Refs. [14,28]).
thors, however, have claimed conclusive evidence againdthe resulting ions were extracted perpendicular to both
a successive statistical evaporation of[C2,18,19]; they the fullerene and electron beam, and accelerated into the
consider ejection of larger neutral fragments such aa<C mass spectrometer. In the present “reversed geometry”
the only essential reaction route [20]. As neutral fragmentyariant of the spectrometer the ions are first analyzed
are rather difficult to identify [22] experimental evidencein terms of their momentum in a magnetic sector field
against or in favor of sequential,@mission has been so and then in terms of their energy in a subsequent electric
far only indirect. Concerning theoretical investigations itsector field. The combined action of these two analyzing
has been conjectured that even-sized fragments larger théirlds constitutes a double-focusing high-resolution mass
C, are efficiently produced via an “unzipping” mechanismanalyzer.
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Essential for the present work is the possibility to o
study quantitatively unimolecular dissociations in the two 0L decay in 1% field-free region parent: Co,™ % 1
field free regions of this mass spectrometer [27,29] by so0 [ S
decoupling the two analyzing fields. The first field free w0 [ 56 5;{2‘ T
(1ff) region is located between the end of the acceleratior ; /tj” AN R
region and the beginning of the magnetic sector field N e = N
(length 61 cm) and the second field free (2ff) region < s o . 6ot %
between the end of the magnetic sector field and th¢™ decayin 27 feld-free region [
beginning of the electric sector field (length 33.3 cm). & : 56" 58" DU
A metastable decay of an ian{" (produced in the ion 300 ?ﬂmoo FAANGALL [
source) inton$ " can be monitored either in the 1ff region N A I e
by tuning the magnetic sector field to a nominal mass 000 [- ) ot & ]
m* = m2/zm, and the electric sector fieEto a nominal i sequential decay R
field E* = myE/m; or in the 2ff region by tuning the Rl S sat -
magnetic sector field te:{" and the electric fielde* = 300 - A x2,500 2o fo ]
myE/m; (with E being the correct sector field to detect -_//\ r_j W i
mi"). This corresponds to the usual operating mode T T TS
for the detection of single metastable dissociations [29]

Here we employed an alternative operating mode to detec Voltage (V)

successwe unlmolecular decay reactions, i.e., a p033|b|§G 1

decay ofm$ " into m$" in the 1ff region followed by decay ons C2* and C2* formed fromCg" ions by unimolecular

of this m3" ion into mj" in the 2ff reglon 2'5 detected decay in the 1ff and 2ff regions (top and middle panels,
by tuning the magnetic sector field 0" = m5/zm; and  respectively). The left peak in the bottom panel identifies

the electric sector t&* = m3E/m;. In this case only formation of Cs2" fragment ions through sequential emission

those m§" ions will be detected which arise from the ©f two C; units in two different time windows.

two successive decay steps in the 1ff and 2ff regions,

respectively. Under typical operating conditions a singlythe peak designateds? . Similar spectra have been ob-

charged Ggion will pass the 1ff region in the time interval tained for the singly and trlply charg@ﬁ ion and also

from 7.7 to 31.2 and the 2ff region from 49 to 6Qu&. for the dissociation 0€5i" into Cs¢™ andCsi ", thereby

Possible collision induced fragmentation with backgroundconfirming the results presented in Fig. 1.

gas (pressures in the 1ff region are beléw< 10 Pa) The peak in the bottom panel designaféd® consti-

has been shown to be negligible in the present study. tutes therefore a clear proof for the occurrence of sequen-
Using the technique outlined above we have studiedial decay reactions (2a). I&s;" is, however, produced

for singly, doubly, and triply charged parent ions thevia reaction (3b) in either the 1ff region or the 2ff region

[
[®)]
n
C
o
—

Mass spectra ofC¢* parent ions and fragment

occurrence of the metastable decay reactions (labeledCs¢" in the top and middle panels), the reac-
Cst — C&t, (3a) tion mechanism [either reaction (2a) or (2b)] and the neu-

4 4 tral products formed (either Lor C,) remain unknown.
Ceo —Cs6 > (3b) Although the different peak heights in Fig. 1 designated

in the 1ff and 2ff regions, respectively, and, in addition, these>* give already some indication on the relative proba-
sequential reaction (2a) using both regions simultaneouslyility of the sequential reaction (2a) as compared to the di-
Figure 1 shows a representatlve set of mass spectrometiigct ejection of an intact Lunit (i.e., the sequential decay
data obtained for th€ ;" parentions by scanning the elec- as witnessed by peai6** in the bottom panel is about a
tric sector voltage (MIKE scan technique, see Ref. [29])factor of 4 stronger than the dec&y* to Cs2™ in the
The top panel shows the parent ion peak at the electric seff region), due to the unknown discrimination in the 1ff
tor voltage of about 512 V and the two product ion peaksand 2ff regions and the occurrence of competing decay
(multiplied by factors of 10 and 350, respectively) corre-processes such as the emission of photons [30,31] (radia-
sponding to the production of th@&s; " andCs¢ '~ ions via  tive cooling) and the emission of electrons [32] (delayed
reactions (3a) and (3b) in the 1ff region detected at the cofionization), it is not possible to analyze quantitatively the
respondingly lower voltages. The spectrum in the middledata shown in Fig. 1. Therefore one important question
corresponds to similar data taken for the 2ff region. Fi-still to be addressed is if for a given time window the se-
nally, the left part of the bottom panel shows th@sg " guential route (2a) is more likely than the unimolecular
ions whose formation is |dent|f|ed as a sequential decaylpss of a G unit (2b). In the following we will demon-
whereC¢}" decaying toCsz " in the 1ff region is selected strate that the dominant unimolecular dissociation channel
by the magnetic sector field’¢;* produced only by this for excited G, ions decaying to G ions is the sequential
reaction is shown in this panel designated&s") and the  evaporation of G units via reaction (2a).

subsequent decay of this fragment i65; " to Csz ' in Evidence for this conclusion is obtained by compar-
the 2ff region is selected by the electric sector field givinging measured (see Fig. 2) and calculated (see Fig. 3)
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FIG. 2. Experimental breakdown graph of tAg; ion. Up-
per part: breakdown curves for th@s; (designated?) and Electron energy (eV)

Cs¢ (designatedV) fragment ions formed in the ion source by ¥
: ; . IG. 3. Calculated breakdown graph of tig; ion (RRKM
reactions (4b) and (4d), respectively. Lower part: breakdow heory). Curves for reactions (4a)—(4c) designated as in Fig. 2.

curves forCsg ions (designated filleda) formed in the 1ff : Pt
. ; ; . The two different possibilities for the neutral producin the
reaction (4a) and fo€s; ions (designated fillear) formed by case of reaction (Ed) assuming either sequen‘i'@kﬁs or G

:ir(])% s(ig)uentlal decay in the ion source and 1ff region be r€a45ss are designated and @, respectively. Calculated results
: are shown for three different values Bf(Cg_s6).

breakdown curves for singly charged;ddons decaying
in the ion source (I1S) (between 0 angk$ after formation
of the parent ion) and the 1ff region (between 7.7 and 31.
us after formation of the parent ion) by unimolecular dis-
sociation reactions:

tive binding energies derived from measured metastable
ractions in an independent study of Klots [33] and are in
ood agreement with recent data reported in Ref. [5]. The
activation energy, (Cgo—s6) is not known very well. Ac-
cording to Stanton [34], the adiabatic energy necessary for
Cqo — Iff > Csy + Co, (4a) the elimination of a G unit from Cyq is by 7.2 eV lower
n n than that for the successive emission of twoubits (see

Coo = 1S=Csg + G, (4b) also a detailed discussion of the energetics of small car-
Ce — IS— Csy + Cp — 1ff —> Cs¢ + C,, (4c)  bon clusters in [35]). Nevertheless, to study the influence
CF o IS—CF + x (4d) of this critical parameter on the shape and position of the

60 56 calculated breakdown curves, we used in the present calcu-
(wherex is either a G unit or two single G units). The lation three reasonable values [5,34,36,37EQC ¢0—56),
experimental breakdown curves corresponding to reactionse., 7.1, 7.7, and 8.3 eV.
(4a) to (4d) shown in Fig. 2 were obtained in a standard When properly normalized, the breakdown curves de-
procedure taking the second derivatives of the measurestribe the fragmentation branching ratios as a function of
Css andCsg ionization efficiency curves, i.e., the corre- the deposited electron energy. Therefore, each breakdown
sponding ion peak values as given in Fig. 1 versus electroourve has the shape of a relatively narrow peak extending
energy (for details see Ref. [4]). The calculated breakeover the range of energies where a given fragmentation
down curves shown in Fig. 3 were obtained by a procereaction occurs with sufficient probability. When com-
dure outlined in detail in Ref. [4]. This involves solv- paring measured and calculated breakdown curves we can
ing the corresponding kinetic equations using fragmenin principle judge the agreement in the energy position of
tation decay rate constants calculated with the statisticdhe maxima and the agreement in their relative abundance.
RRKM theory assuming the transition state model (TS-1)The latter is, however, possible only for breakdown curves
described in [5]. The only independent parameters needgekrtaining to the same region of the mass spectrometer due
for these calculations are the respective activation energigs possible discrimination effects for the various regions.
for the G, and G, loss. The activation energy,(Cso—ss)  As can be seen by comparing curves given in Figs. 2 and
has been derived as outlined in [4] by fitting the experi-3 there is not only an excellent agreement for reaction
mental breakdown curve for reaction (4b) yielding 7.2 eV(4b) [used for obtaining the activation energy(C ¢p—ss);
in good agreement with [4] and [5] and a recent studysee above], but also for reaction (4a). Moreover,Gkg
by Lifshitz and co-workers [6]. The activation energiesbreakdown curve for reaction (4a) peaks at an energy about
E.(Csg—s6) and E,(Cse—ss) for the loss of G from Csg 3 eV lower than that for reaction (4b) as expected for a
andCs¢ , respectively, have been obtained using the relaunimolecular decay reaction occurring at later times after
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