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Direct Evidence for the Sequential DecayC z1
60 !C z1

58 !C z1
56 ! · · ·
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Using a two sector field mass spectrometer in combination with a crossed beams ion source w
obtained direct experimental evidence that C60 fragment ions such asC58, C56, C54, . . . produced by
electron impact ionization of C60 may be formed by unimolecular decay of the C60 parent ion involving
sequential loss of C2. Moreover, by comparing experimental and theoretical breakdown graphs
overriding conclusion is that in the case ofC z1

56 production (withz  1, 2, 3) sequential loss of two C2
units dominates over the loss of a single C4 unit. [S0031-9007(96)01297-5]

PACS numbers: 36.40.Qv, 34.80.Gs
a
n
r
io

]
e
t

d
n

e
o

n

.g

c
n
e
in
d

nt
n
s
a

ai

n
c
o

t
sm

ns

to
on
ap-
ad-

ce

d
n

se

ble
ing
s
ntal

ly a

a
a

tion
n
und
nd
d
ted

to
]).
oth
the
try”

zed
ld
tric
ing
ass
Despite numerous recent studies [1], the energetics
dynamics of the fragmentation of excited fullerene io
remains a matter of controversy. On the one side repo
dissociation energies for the unimolecular decay react

C 1p
60 ! C 1

58 1 C2 (1)

range from about 4.0 eV [2] up to about 14 eV [3
the most likely value being 7.1 eV [4] as confirm
recently in two independent studies [5,6]. In contrast,
formation mechanism for smaller fragment ions such
C 1

56 , C 1
54 , . . . , C 1

30 produced either by collision induce
dissociation ofC 1

60 [7–10], by photon [11,12], electro
[13–15], or heavy ion impact [16] ionization of C60 is still
a controversial issue. Whereas in all cases large yi
of even-sized fragment ions have been observed (als
ions with charges larger thanz  1 [14]), it has remained
unclear whether these fragment ions result from seque
loss of C2 units via

C z1p
60 ! C z1p

58 ! C z1p
56 ! · · · (2a)

or from the ejection of larger molecular carbon units (e
C4, C6, . . .) via

C z1p
60 ! C z1p

6022m 1 C2m , (2b)

with m  2, 3, . . . . The occurrence and the relative rea
tion probability for these two reaction routes will depe
on the excitation energy ofC z1p

60 and, hence, on the tim
since its formation. So far, however, there exist conflict
experimental results. Several mass spectrometric stu
[4,17,18] have provided evidence thatC 1p

60 may lose the
equivalent of four carbon atoms in a given experime
time window, but it was not possible to directly disti
guish between reactions (2a) and (2b). Some author
gued that sequential decay prevails [1,4–6,10]. Other
thors, however, have claimed conclusive evidence ag
a successive statistical evaporation of C2 [12,18,19]; they
consider ejection of larger neutral fragments such as C4 as
the only essential reaction route [20]. As neutral fragme
are rather difficult to identify [22] experimental eviden
against or in favor of sequential C2 emission has been s
far only indirect. Concerning theoretical investigations
has been conjectured that even-sized fragments larger
C2 are efficiently produced via an “unzipping” mechani
0031-9007y96y77(13)y2654(4)$10.00
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[23]. On the other hand, molecular dynamics simulatio
of highly excited C60 have revealed C2 loss and, at a low
rate, loss of C and C3 [24] or even two C2 units [25], but
larger fragments were never observed. It is interesting
note that C2 fragments of fullerenes, produced in an arg
microwave plasma, appear to provide a novel, efficient
proach to synthesize fine-grained diamond without the
dition of hydrogen or oxygen [26].

In this Letter, we present direct experimental eviden
for the decay ofC z1

60 into C z1
56 by sequential ejection

of two C2 units via reaction (2a) for singly, doubly, an
triply charged C60 precursor ions. Specifically, we find i
the present studies that the precursor ionsC z1

60 decay into
C z1

58 in a first experimental time window, and that the
product ionsC z1

58 decay subsequently intoC z1
56 in a

second experimental time window available in our dou
focusing mass spectrometer by decoupling the analyz
fields [27]. Moreover, using RRKM type calculation
we can demonstrate that under the present experime
conditions the major contribution to theC z1

56 fragment
ion current is due to the sequential loss of two C2 units
via reaction (2a), whereas reaction (2b) constitutes on
minor reaction channel.

The present measurements were performed with
double-focusing sector-field mass spectrometer with
mass range of 10 000 amu at a nominal accelera
voltage of 3 kV [14]. Pure C60 powder was evaporated i
a temperature-controlled oven typically operated at aro
900 K. After entering the ion source via a skimmer a
another collimator the effusive C60 beam was crosse
at right angles with an electron beam typically opera
at an energy of 200 eV and electron currents of up
1 mA (for details of the ion production see Refs. [14,28
The resulting ions were extracted perpendicular to b
the fullerene and electron beam, and accelerated into
mass spectrometer. In the present “reversed geome
variant of the spectrometer the ions are first analy
in terms of their momentum in a magnetic sector fie
and then in terms of their energy in a subsequent elec
sector field. The combined action of these two analyz
fields constitutes a double-focusing high-resolution m
analyzer.
© 1996 The American Physical Society
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Essential for the present work is the possibility
study quantitatively unimolecular dissociations in the t
field free regions of this mass spectrometer [27,29]
decoupling the two analyzing fields. The first field fr
(1ff) region is located between the end of the accelera
region and the beginning of the magnetic sector fi
(length 61 cm) and the second field free (2ff) reg
between the end of the magnetic sector field and
beginning of the electric sector field (length 33.3 c
A metastable decay of an ionmz1

1 (produced in the ion
source) intomz1

2 can be monitored either in the 1ff regio
by tuning the magnetic sector field to a nominal m
mp  m2

z yzm1 and the electric sector fieldE to a nominal
field Ep  m2Eym1 or in the 2ff region by tuning th
magnetic sector field tomz1

1 and the electric fieldEp 
m2Eym1 (with E being the correct sector field to dete
mz1

1 ). This corresponds to the usual operating m
for the detection of single metastable dissociations [
Here we employed an alternative operating mode to de
successive unimolecular decay reactions, i.e., a pos
decay ofmz1

1 into mz1
2 in the 1ff region followed by deca

of this mz1
2 ion into mz1

3 in the 2ff region is detecte
by tuning the magnetic sector field tomp  m2

2yzm1 and
the electric sector toEp  m3Eym1. In this case only
those mz1

3 ions will be detected which arise from th
two successive decay steps in the 1ff and 2ff regi
respectively. Under typical operating conditions a sin
charged C60 ion will pass the 1ff region in the time interv
from 7.7 to 31.2 and the 2ff region from 49 to 60.8ms.
Possible collision induced fragmentation with backgro
gas (pressures in the 1ff region are below4 3 1026 Pa)
has been shown to be negligible in the present study.

Using the technique outlined above we have stud
for singly, doubly, and triply charged parent ions
occurrence of the metastable decay reactions

C z1
60 ! C z1

58 , (3a)

C z1
60 ! C z1

56 , (3b)
in the 1ff and 2ff regions, respectively, and, in addition,
sequential reaction (2a) using both regions simultaneo
Figure 1 shows a representative set of mass spectrom
data obtained for theC 21

60 parent ions by scanning the ele
tric sector voltage (MIKE scan technique, see Ref. [2
The top panel shows the parent ion peak at the electric
tor voltage of about 512 V and the two product ion pe
(multiplied by factors of 10 and 350, respectively) cor
sponding to the production of theC 21

58 andC 21
56 ions via

reactions (3a) and (3b) in the 1ff region detected at the
respondingly lower voltages. The spectrum in the mid
corresponds to similar data taken for the 2ff region.
nally, the left part of the bottom panel shows thoseC 21

56
ions whose formation is identified as a sequential de
whereC 21

60 decaying toC 21
58 in the 1ff region is selecte

by the magnetic sector field (C 21
58 produced only by this

reaction is shown in this panel designated as5821) and the
subsequent decay of this fragment ionC 21

58 to C 21
56 in

the 2ff region is selected by the electric sector field giv
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FIG. 1. Mass spectra ofC 21
60 parent ions and fragmen

ions C 21
58 and C 21

56 formed from C 21
60 ions by unimolecular

decay in the 1ff and 2ff regions (top and middle pane
respectively). The left peak in the bottom panel identifi
formation of C 21

56 fragment ions through sequential emissi
of two C2 units in two different time windows.

the peak designatedC 21
56 . Similar spectra have been o

tained for the singly and triply chargedC z1
60 ion and also

for the dissociation ofC z1
58 into C z1

56 andC z1
54 , thereby

confirming the results presented in Fig. 1.
The peak in the bottom panel designated5621 consti-

tutes therefore a clear proof for the occurrence of sequ
tial decay reactions (2a). IfC z1

56 is, however, produced
via reaction (3b) in either the 1ff region or the 2ff regio
(labeled C 21

56 in the top and middle panels), the rea
tion mechanism [either reaction (2a) or (2b)] and the n
tral products formed (either C2 or C4) remain unknown.
Although the different peak heights in Fig. 1 designa
5621 give already some indication on the relative prob
bility of the sequential reaction (2a) as compared to the
rect ejection of an intact C4 unit (i.e., the sequential deca
as witnessed by peak5621 in the bottom panel is about
factor of 4 stronger than the decayC 21

60 to C 21
56 in the

2ff region), due to the unknown discrimination in the 1
and 2ff regions and the occurrence of competing de
processes such as the emission of photons [30,31] (ra
tive cooling) and the emission of electrons [32] (delay
ionization), it is not possible to analyze quantitatively t
data shown in Fig. 1. Therefore one important ques
still to be addressed is if for a given time window the s
quential route (2a) is more likely than the unimolecu
loss of a C4 unit (2b). In the following we will demon-
strate that the dominant unimolecular dissociation chan
for excited C60 ions decaying to C56 ions is the sequentia
evaporation of C2 units via reaction (2a).

Evidence for this conclusion is obtained by comp
ing measured (see Fig. 2) and calculated (see Fig
2655
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FIG. 2. Experimental breakdown graph of theC 1
60 ion. Up-

per part: breakdown curves for theC 1
58 (designatedn) and

C 1
56 (designated,) fragment ions formed in the ion source b

reactions (4b) and (4d), respectively. Lower part: breakdo
curves for C 1

58 ions (designated filled ) formed in the 1ff
reaction (4a) and forC 1

56 ions (designated filled ) formed by
the sequential decay in the ion source and 1ff region be r
tion (4c).

breakdown curves for singly charged C60 ions decaying
in the ion source (IS) (between 0 and 1ms after formation
of the parent ion) and the 1ff region (between 7.7 and 3
ms after formation of the parent ion) by unimolecular d
sociation reactions:

C 1
60 ! 1ff ! C 1

58 1 C2 , (4a)

C 1
60 ! IS ! C 1

58 1 C2 , (4b)

C 1
60 ! IS ! C 1

58 1 C2 ! 1ff ! C 1
56 1 C2 , (4c)

C 1
60 ! IS ! C 1

56 1 x (4d)

(wherex is either a C4 unit or two single C2 units). The
experimental breakdown curves corresponding to react
(4a) to (4d) shown in Fig. 2 were obtained in a stand
procedure taking the second derivatives of the meas
C 1

58 andC 1
58 ionization efficiency curves, i.e., the corr

sponding ion peak values as given in Fig. 1 versus elec
energy (for details see Ref. [4]). The calculated bre
down curves shown in Fig. 3 were obtained by a pro
dure outlined in detail in Ref. [4]. This involves solv
ing the corresponding kinetic equations using fragm
tation decay rate constants calculated with the statis
RRKM theory assuming the transition state model (TS
described in [5]. The only independent parameters nee
for these calculations are the respective activation ener
for the C2 and C4 loss. The activation energyEasC60!58d
has been derived as outlined in [4] by fitting the expe
mental breakdown curve for reaction (4b) yielding 7.2
in good agreement with [4] and [5] and a recent stu
by Lifshitz and co-workers [6]. The activation energi
EasC58!56d andEasC56!54d for the loss of C2 from C 1

58
andC 1

56 , respectively, have been obtained using the r
2656
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FIG. 3. Calculated breakdown graph of theC 1
60 ion (RRKM

theory). Curves for reactions (4a)–(4c) designated as in Fig
The two different possibilities for the neutral productx in the
case of reaction (4d) assuming either sequential C2 loss or C4

loss are designatedn and d, respectively. Calculated resul
are shown for three different values ofEasC60!56d.

tive binding energies derived from measured metast
fractions in an independent study of Klots [33] and are
good agreement with recent data reported in Ref. [5].
activation energyEasC60!56d is not known very well. Ac-
cording to Stanton [34], the adiabatic energy necessary
the elimination of a C4 unit from C 1

60 is by 7.2 eV lower
than that for the successive emission of two C2 units (see
also a detailed discussion of the energetics of small
bon clusters in [35]). Nevertheless, to study the influe
of this critical parameter on the shape and position of
calculated breakdown curves, we used in the present ca
lation three reasonable values [5,34,36,37] ofEasC60!56d,
i.e., 7.1, 7.7, and 8.3 eV.

When properly normalized, the breakdown curves
scribe the fragmentation branching ratios as a function
the deposited electron energy. Therefore, each breakd
curve has the shape of a relatively narrow peak exten
over the range of energies where a given fragmenta
reaction occurs with sufficient probability. When com
paring measured and calculated breakdown curves we
in principle judge the agreement in the energy position
the maxima and the agreement in their relative abunda
The latter is, however, possible only for breakdown cur
pertaining to the same region of the mass spectromete
to possible discrimination effects for the various regio
As can be seen by comparing curves given in Figs. 2
3 there is not only an excellent agreement for reac
(4b) [used for obtaining the activation energyEasC60!58d;
see above], but also for reaction (4a). Moreover, theC 1

58
breakdown curve for reaction (4a) peaks at an energy a
3 eV lower than that for reaction (4b) as expected fo
unimolecular decay reaction occurring at later times a
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initial ion production. More importantly, there exists al
very good agreement for the reaction sequence (4c) l
ing to C 1

56 . Finally, the measured breakdown curve
reaction (4d) agrees very well with the calculated cu
assumingx to be two independently lost C2 units, while it
cannot be fitted at all by assumingx to be a C4 unit. This
conclusion is valid for all values ofEasC60 !56d used in the
calculations, i.e., at an activation energy of 7.1 eV the m
imum of the calculated breakdown curve is approximat
8 eV lower than that of the measured curve for react
(4d), at higher values of this activation energy the ma
mum of the calculated breakdown curves is still appro
mately 5 eV below the experimental data, and, in addit
the relative abundance has decreased dramatically.
therefore demonstrates that also in the case of reac
(4d)—where the reaction takes place in the ion source
cannot be analyzed experimentally in terms of its de
mechanism—the major contribution to theC 1

56 fragment
ion current is sequential loss of two C2 units whereas con
tribution of the single step C4 loss reaction is negligible.

Therefore, in concluding we have obtained direct
perimental evidence that fragment ions ofC z1

60 are
produced by unimolecular decay involving the sequen
loss of C2. Moreover, by comparing experimental a
theoretical breakdown graphs the overriding conclus
is that in the case ofC z1

56 production (via electron
impact ionization of C60) sequential loss of two C2 units
dominates over the loss of a single C4 unit.
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