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Abstract

Relative binding energies for Cy_,—C, have been determined for fullerene ions in the range 46 = N =< 102. The values were
derived from metastable fractions observed in a time-of-flight reflectron mass spectrometer. The timescale of the experiments
was such that radiative cooling of the fullerene ions did not play an important role thus simplifying the data analysis. The results
are compared with previous values of relative dissociation energies for C, loss given in the literature. It was found that the
relative C, dissociation energies for large fullerenes (N > 60) are significantly higher than previously estimated. © 1997

Elsevier Science B.V.
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1. Introduction

There have been many investigations of the
metastable fragmentation of positively charged
fullerene ions carried out in recent years [1-4].
The dominant metastable fragmentation process
that occurs on a microsecond timescale is accepted
to be C, emission. In spite of the large number of
studies performed, even the energetics of the
simple and most studied dissociation reaction
Cé — C3s + C, is still a matter of some contro-
versy [5,6] with values ranging from 4 to 12 eV
available in the literature. A reliable value for
this dissociation energy and the energetics of
subsequent C, emissions is essential for under-
standing the fragmentation processes of excited
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fullerene ions and the competition between C,
evaporation and other cooling or fragmentation
mechanisms. Laskin and Lifshitz [7] have dis-
cussed the energetics of subsequent C, evapora-
tions, starting with Cg, in terms of two simple
models and interpreted their metastable fraction
measurements by RRKM calculations yielding
binding energies for C3s, C3s and Ci, relative
to Cg. More recently, Mirk, Lifshitz, Klots and
co-workers [8] have extended these studies down
to C14 and used a new *‘self consistent’” method
to determine the consecutive binding energies. In
these studies the appearance energies of fragment
ions in electron collision experiments were deter-
mined and related to the respective binding ener-
gies with the help of evaporative ensemble
calculations. These binding energies were then
used to calculate the breakdown curves for
these fragment ions with the help of RRKM
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theory for different transition state models. The
calculated and measured breakdown curves were
then compared.

It is possible to extend the mass range investi-
gated by using carbon clusters produced from
laser vaporisation of graphite. Rate constant data
for the metastable fragmentation of such carbon
cluster ions were published by Radi et al. [2]
before Cg soot was made available. The data
were then analysed by Klots [9] to extract the
relative C, dissociation energies. There appeared
to be a very dramatic drop in the dissociation
energy on going from N = 60 to N > 60. This
was interpreted in terms of ‘‘magic shells’” {9].
However, it was later pointed out that the rate
constants extracted from the experimental data
were in error due to experimental artefacts [4].

An additional complication has recently come
to light in the interpretation of metastable frag-
mentation measurements. Hansen and Campbell
[10] have shown that the metastable fragmenta-
tion rates can be significantly smaller than the
evaporative ensemble prediction under con-
ditions in which radiative cooling of the fuller-
enes can become important. It is not clear what
consequences this has for the relative dissocia-
tion energy values available in the literature.

In this paper we attempt to clear up some of the
questions raised by the experiments and inter-
pretations mentioned above, The technique we
use is reflectron time-of-flight mass spectrometry.
This technique has been used previously to inves-
tigate the rate constants for metastable C, loss
from fullerenes, produced by the laser ablation
of polyimide [3]. However, we now know that
the conditions in these experiments were such
that radiative cooling is likely to have played a
significant role and it would not be possible to
extract reliable dissociation energies from these
data by simply reanalysing them. In the experi-
ments reported here the influence of radiative
cooling is unimportant and we have extracted
the relative dissociation energies with the help
of an evaporative ensemble model. The values
are compared with those found in the literature.

2. Experimental set-up

The fullerenes are produced by laser ablation
(at 532 nm) of a rotating graphite rod, using the
second harmonic of a pulsed Nd:YAG laser. The
plasma produced is expanded in helium from a
pulsed nozzle (R.M. Jordan and Co.) and cluster-
ing occurs. The source is a simple variant of that
often used to generate refractory clusters [11].
The ensuing cluster beam, containing a wide
mass range of thermally excited carbon clusters,
is skimmed before passing into an ionisation
region. The fullerenes are ionised and further
excited with the third harmonic of a pulsed
Nd:YAG laser (352 nm) which is aligned between
the two acceleration plates of a reflection time-
of-flight mass spectrometer. The pulse energy of
the ionising laser is of the order of a few tens of a
millijoule.

The reflectron is tuned in the so-called ‘‘hard
reflection’”” mode so that the products of meta-
stable fragmentation in the first few micro-
seconds of flight are observable. The signal is
recorded by a fast transient digitiser (LeCroy
9400 oscilloscope) via a set of 40-mm micro-
channel plates. The spectra are averaged over
4000 shots. In order to rule out the possibility
that the parent and fragment beams have different
divergences (due to a large kinetic energy release
in the decay reaction) a series of spectra were
taken with the deflection of the beam varied sys-
tematically so that the angle at which the ion
beams enter the reflectron is altered from a per-
ceived maximum signal deflection. These spectra
showed constant peak ratios, within experimental
error. Although no quantitative ionisation laser
fluence dependence measurements were made,
the parent/daughter ratios were constant from
day to day and thus, as shown in [10], perceived
to be independent of laser fluence.

Following Hansen and Campbell [10] the
metastable fragmentation probabilities were deter-
mined as a function of log(t,/t,), where ¢, is
the time delay before mass selection and ¢, is
the time between laser heating and entry into
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Fig. 1. Time-of-flight mass spectra for two different delay times before ion extraction. Note how the relative intensity of the metastable

fragments to parent ions changes with changing delay.

the reflectron, for a range of times. If a linear
extrapolation of the fragmentation probability
to log(t,/t;) = 0 gives a clear negative intercept,
that is indicative of significant radiative cooling
[10]. This procedure was not useful for the
present series of experiments since the range of
accessible t;s was too small to give an accurate
extrapolation. Alternatively, we estimated the
intercept using the present flight times and the
emissivity in [10] to be a factor of three smaller
than that found in [10]. Hence the radiative cool-
ing is strongly reduced. In addition, the relative
fragmentation probability is considerably higher
in the present series of experiments which even
further reduces the significance of radiative cool-
ing. The fragmentation probability was taken to
be the average of the values obtained for the
different time delays ¢, and included the sequen-
tial C; loss.

Typical time-of-flight spectra obtained for two
different times ¢, and fixed (¢, — ¢,) are shown in
Fig. 1. The strong metastable fragment peaks for

Cxy— Cy.2 + C; can be seen just to the right of the
parent Cy., peaks. One can also clearly see the
metastable loss of four carbon atoms in the upper
spectrum, indicating that the clusters are very hot
for the short delay times.

3. Extraction of the relative dissociation
energies

The evaporative ensemble method which we
use is very similar to that used by Klots [9] to
extract the relative dissociation energies from the
Radi et al. experiment [2]. In the experiment the
fullerenes are created with different internal
energies in the production and ionisation process.
This is taken into account by integrating over all
energies when calculating the metastable frag-
mentation probability. If the energy distribution
is smooth and we furthermore make the assump-
tion that all ions that we ultimately detect have
undergone at least one fragmentation, we can



130 P.E. Barran et al./International Journal of Mass Spectrometry and lon Processes 167/168 (1997) 127-133

write the abundance, Iy(E;t)), for the fullerene
Cy at time 7, after the ionising laser shot as

kN +2(E+DN+2)
ky +2(E+ Dy 12)—kn(E)

x {exp(~ky(E)t)
—exp(—ky 2(E+Dyi2)t)} (D

where ¢ is a normalisation constant to be deter-
mined, ky(E) is the decay rate for Cy with the
internal energy E and Dy is the evaporative
activation energy for C, loss from Cj. The rate
is then found by averaging ky(E) over this
distribution:

In(Es ) =c

oC

< k() > = || ik (EXE @
Accelerating the ions at ¢|, the average rate at a
later time 7, is given by a similar integral includ-
ing an exponential decay:

o

<kn(t2, 1)) > =J In(E; ty)kye 2= dE
0

(3)
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where the rates are to be evaluated at the appro-
priate energies; ky=ky(E) and ky.r=ky,>
(E+Dyy). The integral can be evaluated
by expressing ky(E + Dyy) in terms of the
rate k\(E). The calculation can be simplified by
using the Arrhenius-like expression kn(E) =
wexp(—-DyC, y/E) where C, y is the heat capa-
city in units of kz. A Taylor expansion of the
logarithm of ky ,,(E+Dy_,5) in Dy, C,y and E,
retaining terms to first order, yields

ky+2=kn 2(E+Dy 7) = ky(E)

wexp[ — 21CunG _ ADKG  DyDy.2G*
Con D C, nD*

=ky(E)Ay =kyAy 4)

where the average dissociation energy, D, is
introduced and the Gspann parameter G is
defined as G=In(wt)), implying G=DC, y/E,,
where E| is simply the energy that gives a frag-
mentation rate equal to 1/¢,. The first differences,
A;Dy are defined as A; Dy =Dy,; — Dy and ana-
logously for C,. The definition of the new vari-
able Ay is just for convenience. The value of G is,
for our purpose, constant which can be demon-
strated by calculating the time dependence of the
above relationship between the two rates ky,, and
ky. Accepting this, the average decay rate is then
given by

Ay
Ay -1

x (e ™kt g kvt =Dnn~kut2) (YA (5

< kN(tZ’tl) > = J C
0

Changing the variable from the energy E to the
rate kp(E), yields

Ay C,.ND’
Ay—1 G’Dy

1 1
* (E" t2+(AN—1)t1) ©

Integrating this rate with respect to time yields
the metastable fragmentation probability:

Ay Cv,NDzln( LAy )
Ay—1 G?Dy  \ t,+(Ay- D)1

(7
The normalisation constant c¢ is found by letting

t, go to infinity since then P = 1. The resulting
expression is

<ky(t,t))>=c

P(t),1)=c

hAy
P, ) =In| — L ——
(h.12) “(tz+(AN—1>t1

)/ln(AN) &)
Note that this only holds in the absence of radia-
tive cooling and that the only time dependence
enters through the ratio ¢,/f,. This result differs
from the one used by Klots [9] on several points.
One is the starting point (Eq. (1)) for which Klots
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Fig. 2. Experimental metastable fragmentation probability as a function of fullerene ion size. The full line is a fit to the experimental data for an
average dissociation energy D in order to extract the Gspann parameter G from the data. For the results shown, G = 30.

uses an approximate result. On the other hand, we
use the simplified Arrhenius rate which fails in
the limit of very small particles.

A more correct energy dependence would be
kn(E)=w exp(—DyC, y(E — Da/2)), but since,
as will be shown below, the value of G is such
that E > D\,/2, the ions have sufficiently high
internal energies to justify our neglect of this
complication.

A mean curve for P can be found if all the
fullerenes are equally stable, A\Dy = 0. With
AYC,n/Cyn=2IN,

A;/mooth = CXP( —-2G/N + GZ/CV,N) (9)

For reasonable heat capacities 2G/N < GYC YN
so that we can get a first fit of the experimental
data. Since the delays in extraction in our experi-
ment were all small, the ratio ¢,/t, is practically
independent of mass. Using the experimental
value for #,/t,, the fragmentation probability vs.
N can be fitted to a first approximation with only
a single free parameter, namely the Gspann
parameter G. Once G has been found it is possi-
ble to extract the dissociation energies Dy rela-
tive to the average value D. The procedure is to

use Eq. (8) with the known ratio /¢, to solve for
Ay. Using the definition of Ay (Eq. (4)) we can
then find A;Dy. Approximating DyDy,, by the
average value D? yields

2
< 2G)/G (10)

ADy/D=| —In(Ay) + -—
1Dy ( (An) TN
A numerical integration (summation) of the
resulting first differences A;Dy then yields the
value of the dissociation energy relative to
the average value.

4. Results and discussion

Fig. 2 shows the fit of the Gspann parameter G
to the observed metastable fragmentation prob-
abilities Py. The fit gives a value of G = 30 for
C,~=3N. This value is somewhat higher than the
value suggested by Klots and frequently used to
interpret experimental data but within the limit of
plausible values. The relative dissociation ener-
gies, extracted using the method described above,
are summarised in Table 1 and shownin Fig. 3. In
this plot Dy has been plotted relative to Ds4. This
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Table 1 has been done in order to compare the results
Relative dissociation energies Dy/Ds;4 for the reaction Cy — Ch., +C, with results from other experiments. C‘g 4 has
N Present  [10] (8] 9 been investigated in all the related work and
results has the advantage of being a ‘‘non-magic’’ clus-
51 153 ter. Care has to be taken when comparing the
46 0.99 1.07 values for C§, and C%, since the relative intensi-
‘;g :'gg ;(1)2 ?‘33 g'gg g'g; ties of these two ‘‘magic’’ species compared to the
52 0.99 1.00 0.97 0.94 0.95 other fullerenes can vary dramatically under dif-
54 1.00 1.00 1.00 1.00 1.00 ferent experimental conditions [12]. This may
36 Lo4no7 L0206 103 lead to saturation effects which will distort the
58 1.00 1.06 1.05 1.13 1.04 .
60 113 109 123 105 values obtained.
62 0.94 0.81 The crosses plotted on Fig. 3 are the results
64 099 0.89 from the Klots’ analysis of the Radi et al. experi-
gg ;:8} 8:3(3) ments [9]. The results from Radi et al. [2],
70 1.05 0.91 although showing the same trends as our results,
72 0.98 0.82 considerably underestimate the values of the dis-
;2 :g? 8:23 sociation energies for N > 60 by about 10-15%
78 1.02 0.88 compared to the results from the present experi-
80 1.00 0.87 ments. A discrepancy with the present results is
gi i'gg expected considering the problems in the analysis
86 1.00 of their data due to experimental artefacts [4].
88 1.01 The ‘*magic shell”” discussed by Klots [9] where
90 LoL the dissociation energies of all the fullerenes for
gi :83 N = 60 were significantly larger than those for
96 1.01 N > 60 is no longer apparent. Note, however,
98 1.02 that the two parts of the plot are connected
18(2) igf through the fragmentation probability of Cgg
<o
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Fig. 3. Relative dissociation energies, normalised to the value for C3,: () present results; ( + ) from [9]; (A) TS1 from [8]; (©) TS3 from [8];
(O) from [10].
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which links Dgy and Dg,. Due to the potential
saturation of the C¢y abundance the difference
between D¢ and Dg, may be misrepresented
and we can therefore not entirely rule out the
presence of a small ‘‘magic shell”’.

The triangles and diamonds in Fig. 3 are the
results from Worgotter et al. [8] for two different
transition state models (TS1 and TS3 in [8]
respectively). Better agreement is seen for the
TS1 model, as would be expected from the
discussion in [8]. Finally, the open circles give
the results reported by Hansen and Campbell
[10]. These show the same trend as the present
results but are consistently higher (using C3, for
normalisation). The agreement is, however, still
surprisingly good considering that the data from
[10] were obtained under conditions in which
radiative cooling is significant. The parameter
which can be extracted from the experimental
data in this case is the product of the emissivity
and the cube of the dissociation energy, exDx
[10]. Assumptions were made as to the
dependence of emissivity with N in order to
extract the relative dissociation energies. A direct
comparison of results with and without radiative
cooling should provide fairly accurate values for
the cluster emissivity.
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