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Abstract

We report experimental and theoretical results on the kinetics of multiphoton excitation and fragmentation patterns due to
UV-laser excitation of Cg,. Multiphoton excitation of Cg, is modeled including singlet and triplet states. Results show that a
many-photon excitation event can have a low-order dependence on the laser fluence. In addition, we show why femtosecond
excitation or nanosecond excitation with wavelengths shorter than ~ 215 nm can yield direct ionization without fragmentation
or delayed ionization. The fragmentation is modeled by a total rate theory. Interpretation of the measured fragmentation data is
in terms of sequential evaporation of C, units from the highly excited C¢, and subsequent fragments. Larger C, units may

contribute ~ 5 to 10% to the fragmentation pattern.

1. Introduction

Since the first observation of a new class of carbon
molecules [1] and the following identification of the
special stability of one of them, namely C¢, [2], many
laboratories moved into this new and exciting field of
research. Observations of photophysical processes are
possible in Cg, that cannot be studied for other mole-
cules of comparable or even smaller size, taking advan-
tage of the very rigid and highly symmetric molecular
structure of this remarkable molecule [2]. The expla-
nation of these photophysical processes has already
helped the general understanding of the interaction of
photons with large molecules [3-5] and promises to
reveal more of its details. Precise knowledge of these
ionization mechanisms is extremely important for the
field of molecular mass spectrometry since the efficient
ionization and detection of large molecules still pose a
significant problem to the community [6,7].

We showed in a recent paper [5] that the absorption
of several photons in the visible and ultraviolet spectral
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region by Cg leads to the formation of a highly inter-
nally excited parent molecule CZ; using a 5 ns excita-
tion pulse. Although only two to three photons are
necessary for direct multiphoton ionization, the absorp-
tion of 10 to 20 photons is observed. The absorption of
that many photons does not lead to ionization of the
molecule because conversion from electronic to inter-
nal excitation is much faster than the absorption of
additional photons, facilitated by the enormously high
density of vibrational states in a molecule of this size
[5].

Two major processes result from the high internal
excitation of the molecule: fragmentation and delayed
ionization. Both processes have macroscopic analogs,
namely evaporation and thermionic electron emission
from a hot medium. In our previous paper, we exten-
sively dealt with thermionic electron emission from Cg,
and the fragmentation Cg, — Csg + C,. We modeled this
process with quasi-equilibrium theory {8] and deter-
mined the activation energy for this process to be ~ 5.6
eV. There are several reports in the literature for the
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determination of the activation energy for this process.
The first report of the activation energy for fragmen-
tation of Cgy is 4.6 £ 0.5 eV by Radi et al. [9]. The re-
evaluation of these data by Klots gives a value of
5.9+40.3 eV [10]. Sandler et al. found an activation
energy 5.2 eV [11] by studying the kinetic energy
release distributions from fragmentation of Cg,. Later
the same group reported an activation energy of 6.05
eV [12] because of improved measurements and more
elaborate data analysis. A vacuum ultraviolet (VUV)
single-photon ionization study yielded a range of 6.0
6.5 eV for the activation energy [ 13]. Most recently, a
value of 7.1+0.4 eV was found by analyzing time-
resolved breakdown graphs of Cgy [14].

Most of the theoretical values reported for the dis-
sociation energy for Cgg are much larger than the exper-
imental numbers. Stanton [15] calculates a value of
11.8 eV for the dissociation energy from Cg, to
Csg + C,. A recent calculation by Eckhoff and Scuseria
[16] yields the same value. A detailed theoretical study
of the dependence of the activation energy on the tem-
perature of the molecule by a molecular dynamics sim-
ulation is given by Kim et al. [ 17]. These authors find
that the activation energy drops from initially 8 eV for
cold Cgo ( ~ 1000 K) to less than 6 eV for hot Cgy
( ~6000 K). Since the different experimental condi-
tions in the preparation of Cg, give rise to different
temperatures of the molecules and therefore different
activation energies, the spread of the reported experi-
mental values for the activation energy is not surpris-
ing.

In this paper, we study the kinetics of multiphoton
excitation in Cgy, and we look at the fragmentation
behavior that invariably accompanies multiphoton ion-
ization of Cg, [ 18,19]. The first part of the paper will
be devoted to modeling the important aspects of photon
absorption into a multiple of energy levels. From these
studies, we show why femtosecond excitation and na-
nosecond excitation with wavelengths shorter than 215
nm may yield direct ionization without fragmentation
or delayed ionization. In addition, we show that these
many-photon ionization events as mentioned above can
have a very low-order fluence dependence.

In the second half of the paper, we will discuss the
loss of fragments from Cg,. Only even-numbered frag-
ments are observed in the range from Cs; down to C;,
[4,18,19]. It is generally assumed that these fragments
still have a cage structure similar to the parent molecule,

Ceo» With C;, the smallest stable cage; stable in respect
to the observation time of time-of-flight instruments.
Below Cj,, cages are very unstable, and rings and
chains are more favorable structures [20]. In our
model, we assume a fragmentation process by succes-
sive loss of C, units, starting with the highly excited
Ceo molecule down to its smallest cage-like fragment,
Cs,. Many experimental results can be interpreted
strongly in favor of fragmentation by loss of C, mole-
cules rather than single C atoms. However, a definitive
proof for that assumption is still missing. We present
calculations of absolute rates for fragmentation, using
a method introduced by Engelking [21,22]. The cal-
culation of absolute rates allows for a better comparison
with the experimental results than the rate constants
obtained from the quasi-equilibrium theory.

2. Experimental

The instrument used for these experiments is a laser
ionization mass spectrometer for molecular mass anal-
ysis. This instrument is identical to the one we used in
our previous study [5]; a detailed description can be
found in ref. [23]. The mass spectrometer is a linear
time-of-flight (TOF) instrument of 120 cm length. The
typical operating vacuum is 2 X 10~ ° Torr. An effusive
source generates a molecular beam of Cg, in the ioni-
zation region of the mass spectrometer. The effusive
source is a Ta cup (6.3 mm diameter, 8 mm long) with
an aperture of 0.5 mm on the end directed to the laser
beam. The Ta cup is resistively heated and the temper-
ature is monitored with a chromel/alumel thermocou-
ple. The Ta cup is filled with approximately 200 mg
pure Cgo (>99%), which is synthesized and purified
in our laboratory according to published procedures
[24-26]. The effusive source is operated at a temper-
ature of ~ 800 K, corresponding to vapor pressure [27]
of ~5X10™* Torr in front of the aperture and
~3X 1077 Torr in the ionization volume. The ions are
brought to their final kinetic energy with a two-stage
acceleration field before they enter the field-free drift
section. Ion detection is accomplished with a dual chan-
nel-plate assembly. The maximum mass resolution (m/
Am) of the instrument is approximately 1500 (fwhm
at 720 amu) using a 5 ns ionization pulse. Data are
recorded in a transient digitizer with a maximum time
resolution of 5 ns or with a digital oscilloscope with
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Fig. 1. time-of-flight mass spectrum of photoionization of Cg, at
A=354.7 nm.

2.5 ns time resolution. Further processing of the data is
accomplished in a PC-based software system.

3. Experimental results

Fig. 1 shows a photoionization spectrum of C, using
354.7 nm radiation from a Nd: YAG laser. This spec-
trum is very similar to any other spectrum obtained
with multiphoton ionization of Cg,. The main features
are the high-mass, even-carbon-numbered fragments
(fullerene fragments Csg—Cs,, discussed here and ear-
lier) and the low-mass fragments <Cs,. The ‘‘magic
numbers’’ for the low-mass fragments have been dis-
cussed in detail before. The most stable carbon molec-
ular positive ions for this mass region are the C,, with
n=4k+3, withk=2, 3,4 [1,18,28]. This is a conse-
quence of the lower ionization potential of 4k + 3 mol-
ecules (i.e., these molecules are easier to ionize) and
the loss of C; units for these smaller C molecules.
Recently there has been much experimental work
[20,29] done on these low-mass C molecules showing
that the very small molecules (n <6) are strictly linear,
the medium-mass molecules (7<n<20) change to
monocycle and multicycle rings, and the larger species
(n>30) are fullerenes (closed cages). Fig. 2 is an
expansion of the region between C,; and C,,. We see
that there is a gap between C,; and C,, as has been

noticed previously. However, also noticeable above the
noise are C,g, C,g, and C;;.

Fig. 3 is a collection of mass spectra obtained with
three different laser fluences of 202 nm laser radiation.
The top spectrum at low laser fluence shows no delayed
ionization and no fragmentation, while the other two
spectra taken at higher laser fluence demonstrate both
of these processes. Whenever delayed ionization is
observed, fragmentation is present and vice versa. This
is what led us to propose in Ref. [5] that these two
processes have similar precursors. From models of
thermionic emission and RRKM modeling of fragmen-
tation, we then proposed that this precursor is a super-
excited state of Cg, mainly thermally excited to at least
50 eV of internal energy. Recently, Zhang and Stuke
{30] have shown that laser radiation with wavelengths
shorter than ~ 215 nm yields a transition from delayed
ionization to direct ionization. They ascribe this tran-
sition to triplet—triplet interactions and claim that it is
possible to observe delayed ionization without frag-
mentation or fragmentation without delayed ionization.
We never observe one without the other. Fig. 4 is a
blowup of Fig. 3B and shows how the enhanced sen-
sitivity and mass resolution compared to Zhang and
Stuke’s allows us to observe the delayed ionization and
fragmentation close to their fluence threshold. The inset
ot the figure displays Cgy and Csg, with the isotopic
multiplet evident in the prompt ionization for Ce, but
not evident in the broad Cs, peak. Also evident in the
figure is a very small peak due to C,, at the <1073
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Fig. 2. Expansion of the mass spectrum shown in Fig. 1.
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Fig. 3. Time-of-flight mass spectra of 202 nm laser ionization of Cp.
The top spectrum is for low laser fluence, the middle spectrum is for
medium laser fluence, and the bottom spectrum is for high laser
fluence.
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relative abundance to Cg,. Although we will not discuss
it here, C,, shows very similar behavior to Cg, in terms
of delayed ionization and fragmentation.

Fig. 5 shows that we can fit the delayed ionization
tail from the data shown in Fig. 4 to a sum of two
exponentials, with rate constants of ~ 1.6 X 10°s ™' and
~2X 107 s, Cg is the peak at 27 s, with the frag-
ment peaks displaced to lower time (Csg at ~26.5 pis,
Cse at ~26 ps, etc.). The fit is shown in the inset to
the figure and from inspection, one can see that the sum
of these two exponentials fits the data very well. Also
evident in this figure are the delayed ionization tails on

some of the fragments. We will not discuss the delayed
ionization fitting in this paper since we have discussed
itin detail previously [5]. Since the delayed ionization
is very similar for wavelengths below and above 215
nm, we can be reasonably confident that the same pho-
tophysical processes are occurring throughout the
wavelength interval measured. However, the addition
of a prompt ionization signal below 215 nm needs some
additional explanation.

4. Model of the multiphoton kinetics

We have modeled the multiphoton processes that are
active in Cg, and other fullerenes. Since we will be
discussing some fluence-dependence data in our mod-
eling of multiphoton excitation of Cg, we show in Fig.
6 the fluence-dependence data for 212.8 nm radiation
of Cg (this is a reproduction of data from Ref. [5]).
The important facts about this figure are:
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Fig. 4. Expansion of the middle spectrum from Fig. 3. Notice the
high mass resolution that allows the different isotopes of Ce, to be
correctly identified (as shown in the inset to the figure). Also, notice
the fragmentation peaks and the delayed ionization signal (the *‘tail’’
on the Cg, peak).
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Fig. 5. Time-of-flight spectrum for Cg, ionization with 202 nm laser radiation. The inset shows a fit to the delayed ion signal from C, in the
range from 27 to 32 ps.

| S WO T (NN VA S SO VA (N TR SR S SN G

L

(1) The Cq, prompt ion signal has a very low fluence (3) The signals saturate at some fluence level. The
order (1<n<2). saturation fluence depends on fragment size, such that
(2) The delayed ionization fluence dependence and the saturating fluence increases as the size of the frag-
the fragments’ fluence dependence are greater than the ment shrinks. This will be discussed in more detail later.
prompt ionization fluence dependence and are approx- Shown in Fig. 7 is a schematic diagram of the energy
imately equal to each other. levels we use to model the kinetics for multiphoton
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Fig. 6. Laser fluence dependence of Cg, ions and some representative fragment ions for 212.8 nm photo-excitation of Cg,. The signal intensities
are integrated over the peak areas in the mass spectra. This integral is split into two components, a prompt and a delayed contribution, labeled
“Cgo’ and *‘Cg, delayed ionization’’, respectively.
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Fig. 7. Energy levels and photo-excitation process used to model the excitation of Cg,. See text for details.

adoublet state of the ion, but is from ionization through
the singlet state manifold and yields prompt ioniza-
tion), a triplet manifold t,, t,, a tripletion state t , (also

absorption in C¢, (which also applies to other fullere-
nes). The model includes a ground state g, a singlet
manifold s, ...ss, a singlet ion state s, (this is actually

Table 1
Parameters used in modeling C4, multiphoton excitation

Oy =05 =10""% cm?
0,,=10""%cm?
0,,=10"%cm?
0,3=10"" cm?
0u=10""cm?

0y, =5%107"" cm?
Kie=10"5""
Kisc=10°s""
Ry=10"s""'

Re=10%s""
Rs=10°s""
A=10%s""!
I(t) =laser intensity =

absorption cross section from ground state

absorption cross section from first excited singlet state

absorption cross section from second excited singlet state

absorption cross section from third excited singlet state

absorption cross section from fourth excited singlet state

absorption cross section from lowest triplet state

internal conversion rate

intersystem crossing rate

destruction (dissociation and ionization) rate for s,; (this corresponds to ~ 45 eV internal energy in Cg,,
see Fig. 16 in Ref. [5])

destruction (dissociation and ionization) rate for s, { ~ 55 eV internal energy)
destruction (dissociation and ionization) rate for s5 ( ~ 65 eV internal energy)
fluorescence rate to ground singlet state

Aexp{ — L[ (t—1o) /width]?)
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prompt ionization but through the triplet manifold),
and states that will decay with time f; to f5 which com-
prise fragmentation and delayed ionization. The energy
(vertical axis) actually represents total energy (elec-
tronic, vibrational, and rotational) in the Cq, molecule.
In fact, the excited singlet states represent internally
excited states of some of the low-lying electronic sin-
glet states in Cg.
For the population of the ground state, we have

d
3 8D = ~8(N0ul(1) +5:(D) 0 I(1) + Acs1 (1) -(1 )
a

For excitation of the singlet manifold, we get

d
B_r si() = —s5;(D[oal(1) + A, +Kisc] +5,(D) Ky

d
3 20 =8Ny I(1)
—52() [0 I(1) + o, I(8) +Kic]

d
E‘ s3(8) =5,(0) o.I(1) —53(1) [o31(2) +R5} ,

d
a‘; 5(1) =1(t) [55(t) O3 —54(t) O] —5,()R,,

d
Y 55(8) =54() 0, I(2) —s5(DR;5 . (1b)

Ionization from the singlet manifold is given by

d

d_ts+(f)=sza's21(t) . (1c)
For excitation of the tiplet states, we have

d

atl(t)__-sl(t)KISC_tl(t)a't+1(t)- (1d)
Ionization out of the triplet manifold

d
ah(t)‘—‘tl(t)tml(t) (1e)

and the population of the states that will undergo decay

d

afs(t) =53(DR;,
4 f () =s(DR
dtf4(f)—34() 4s

d
(ths(t)=ss(t)Rs- (1f)

The model necessarily neglects many of the excited
states and limits the number of accessible levels to
twelve to allow numerical solution of the differential
equations with Mathematica on a Macintosh Ilsi com-
puter. As stated above, we know from our earlier study
that we must include up to 50 eV of excitation to obtain
a realistic description to explain the observed phenom-
ena (> 8 photons for 200 nm radiation). The present
model, although simple, allows for a detailed under-
standing of some of the details of the important pho-
tophysical effects involved in the kinetics of
multiphoton excitation of Cgy.

The molecules start out in the ground electronic state
with a vibrational distribution given by the temperature
of the effusive source. The laser pumps molecules up
to an excited singlet state with a cross section o, that
has been measured for the condensed phase (see Table
1 for a listing of the cross sections and rates used in the
model). These excited species may then either relax
( E-Vrelaxation given by K,., internal conversion) into
excited vibrational states in other singlet levels, decay
to the triplet state manifold, or absorb more photons to
undergo further excitation. The cross sections for
absorption up the multiphoton ladder will increase
because of the plethora of energy levels (huge density
of states). These excited species will then keep absorb-
ing photons until the rate constant for decay (either
thermionic emission or fragmentation) increases to the
point that the molecule decays. Molecules that decay
into the triplet state manifold may then either decay
back to the singlet states (very long time constant,
~10°s™ ') or may absorb more photons. If the photon
energy is large enough, the molecule will be one-pho-
ton ionized. If the photon energy is too small and the
molecule cannot be one-photon ionized, they will
absorb more photons (much like the singlet state man-
ifold) and be further excited until they decay via therm-
ionic emission, fragmentation, or photon emission.
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Fig. 8 Plots of the population versus time for two different laser
fiuences. The laser pulse is a Gaussian with a maximum at 5X 10™°
s. See text for details.

We have taken literature values where they are
known and have estimated the remaining cross sec-
tions. The values used are given in Table 1, along with
the other parameters used in our model. Fig. 8 displays
representative results for two laser fluences with 5 ns
excitation and laser radiation of A <215 nm, where
ionization from the triplet levels is possible. At low
laser fluence, the molecules are not excited out of the
ground singlet state. At higher fluence (top panel in
Fig. 8, fluence=10'® photons/cm® ~ 10 mJ/cm® at
200 nm), the molecules are excited into the ground
triplet state (via excited singlet states) and may then
ionize by absorbing one more ( <215 nm) photon.
This is shown as t, in Fig. 8. If the laser wavelength
is >215 nm, the next photon will not ionize the mol-
ecule, and multiphoton absorption will ensue. In addi-
tion, the presence of ‘‘f5>’ (fragments and delayed
ions) shows that multiphoton excitation has occurred
at this fluence level. At even higher fluences (bottom
panel of Fig. 8, fluence = 10'7 photons/cm? ~ 100 mJ/
cm? at 200 nm), more ‘‘fs”’ (fragments and delayed
ions) than *‘t,’’ (direct ionization through the triplet

state) species are formed because the up-pumping rate
through the singlet manifold beats the ~10° s~ ' rate
for intersystem crossing. This is even more pronounced
at higher fluences.

Fig. 9 shows the computed fluence dependence for
multiphoton excitation with wavelengths <215 nm.
As can readily be identified from this simple model,
the ionization through the triplet state has a fluence
dependence between 1 and 2 at low fluence and then
saturates at a higher fluence, which fits the experimental
data (prompt ionization) very well (see Fig. 6). In
addition, the data for the state labeled ‘‘decayed state™
(f5 state in Fig. 7, the state that will either yield delayed
ionization or fragmentation) has a lower than fourth
order dependence (the number of photons needed to
be absorbed to yield f5), which it should have if all
cross sections were identical.

Fig. 10 shows another calculation of the fluence
dependence of the various levels for 500 fs laser pulse
duration. These results are markedly different than the
ns pulse duration in that the sub-picosecond pulse en-
ables ionization via the singlet manifold (prompt ion-
ization) that is even the dominant pathway in the
excitation scheme. In this case, the very intense sub-
picosecond radiation allows the multiphoton excitation
of electronic states by overwhelming the internal con-
version rates (here we use 10'2 s™! for the internal
conversion rate). This demonstrates that femtosecond
excitation of C¢, (and other molecules) will allow frag-

1 4 Ty Ty

0.1

Normalized Population

0.01 L ol " N e L o
10" 10" 107 10%

Fluence (photons/cm?)

Fig. 9. Population versus fluence for 5 ns laser radiation and A <215
nm.
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Fig. 10. Population versus fluence for 500 fs laser radiation. There
is no significant t, shown because the short time scales preclude the
excitation into the triplet manifold.

mentation-free ionization. In addition, no delayed ion-
ization should be observed at these fluence levels.
However, at higher fluences, fragmentation and
delayed ionization (shown here as the ‘‘highly excited
state s5”’) will emerge. But, if either one appears, the
other should be present and detectable with sensitive
mass spectrometers. The simple model used allows for
a good qualitative understanding of all of the experi-
mental findings.

5. Model of the fragmentation process

The high internal energies should also explain the
observed fragmentation spectra of laser-excited Cg,. In
the last paper, we showed that the process C¥ —
Cs; +C, can be modeled by unimolecular decay of a
CZ%, molecule excited to ~50 eV internal energy. In
the following, we show that the entire fragmentation
pattern evolves from the superexcited molecule.

We shall analyze our mass spectra by assuming that
the observed fragmentation pattern of Cgq results from
sequential fragmentation processes of the following
form:

(Ce0) *—=2 (Csg) * +C,,

(Can)* 273 (Cp_p)* + G,

(Coa)*—25 (C)* +Cy,, 2
with [ the total rate of fragmentation. Higher order
processes, like loss of fragments larger than C, are not
considered in the current theoretical treatment,
although there are experimental [18] and theoretical
[31] indications for the loss of C, units up to C; in
photo fragmentation. This will be discussed below. For
the internal density of states, N;(E), of a cluster con-
sisting of i atoms we use the formula given by Kassel
[32]:

-1
N.(E) =E*"‘((s.-—1)! I1 (hvj)) : (3)
J

with s; the number of internal modes of the cluster. The
molecular structure and thus the vibrational frequencies
are known only for C, but not for the fragments. There-
fore, we have to use an average frequency, v= 1050
cm ™! rather than sets of v;, to describe Cq and all the
fragments. For the theoretical modeling of the frag-
mentation processes (Eq. (2) ) we follow the treatment
given by Engelking [21,22]. This approach to quasi-
equilibrium-theory gives absolute rates rather than rate
constants, which makes it much easier to compare the
results with the measured data from the mass spectrom-
eter. The total rate I'; for the dissociation is

8mm; g;S,(E; — E?):_z
E:~! ’

L=v(s-1) 4)
where s =5, , 5, g; is the remaining channel degeneracy,
m; is the reduced mass, S; the geometrical cross section
assuming a cage structure, E? is the activation energy
and E; the total internal energy for a cluster of size i. In
the sequence of fragmentation the total internal energy
of a fragment cluster of size i as obtained from its
predecessor fragment is given by

Ei=Ei+2_<Ei+2>_E?+2o (&)

where the average kinetic energy release is given as
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Results from the calculation for initial energies of the parent C, molecule 55, 45, 40 and 35 eV

Cluster  E? E, (E) I Signal E, (E) T, Signal
size (eV) (eV) (eV) (au) (au) (eV) (eV) (au) (au)
60 56 55.0 0.57 8.09(9) 1.60(8) 45 0.46 1.23(8) 1.03(8)
58 5.15 48.8 0.52 7.95(9) 1.38(8) 38.9 0.40 6.43(7) 5.85(7)
56 4.72 432 0.48 7.78(9) 1.73(8) 334 0.36 2.88(7) 3.55(7)
54 431 379 0.43 7.64(9) 1.34(8) 28.3 0.31 1.06(7) 1.82(7)
52 392 332 0.39 7.51(9) 1.38(8) 237 0.27 2.92(6) 7.67(6)
50 3.56 289 0.35 7.31(9) 1.95(8) 19.5 0.22 5.22(5) 2.39(6)
48 321 25.0 0.32 7.17(9) 1.38(8) 15.7 0.18 495(4) 4.72(5)
46 2.88 215 0.28 7.06(9) 1.09(8) 123 0.14 1630 4.78(4)
44 2.57 183 0.25 6.93(9) 1.30(8) 931 0.11 172 1620
42 2.28 15.5 0.22 6.84(9) 9.16(7)
40 2.01 13.0 0.19 6.77(9) 7.51(7)
38 1.76 10.8 0.17 6.70(9) 6.32(7)
36 1.52 884 0.14 6.65(9) 5.44(7)
34 1.31 718 0.12 6.63(9) 2.38(7)
32 1.11 574 0.10 6.62(9) 5.36(6)
60 56 40 0.40 6.33(6) 1.07(7) 35 0.34 1.26(5) 2.14(5)
58 5.15 34 0.36 1.79(6) 4.54(6) 29.1 0.29 1.25(4) 1.14(5)
56 4.72 285 0.30 3.46(5) 1.44(6) 236 0.23 513 1.20(4)
54 4.31 235 0.25 391(4) 3.07(5) 18.7 0.19 4.88 508
52 392 18.9 0.20 1870 3.72(4) 14.2 0.14
50 3.56 14.8 0.16 20 1840 10.1 0.092
48 321 11.1 0.12 6.46 0.047
46 2.88 7.77  0.075
44 2.57 481 0.036
42

(Ey=2(E—E®)/(s—1) . 6) ferent l.aser fluences is depicted in Fig. 1 l Good agree:

ment is found between the calculations and the

The fragmentation will continue to be observed until
the total internal energy of a fragment is too small to
give an appreciable signal in the measuring interval.
The results of the calculation described above are
given in Table 2 for four different internal energies of
the parent Cg, molecule. To obtain the activation ener-
gies for the fragment clusters, we fit the absolute rates
at 55 eV internal energy to the experimental spectrum
taken at 130 mJ/cm? In our earlier paper [5], we
concluded that under these experimental conditions the
internal energy of the parent mosecule will be around
50 eV. The energy of 55 eV was the lowest where it
was possible to reproduce the whole set of measure-
ments satisfactorily, that is, the absolute numbers as
well as the individual fragment distributions. As can be
seen in Table 2, the sequential fragmentation continues
until enough of the initial excitation is used up. A com-
parison of the calculated signal values for the cluster
fragments with measurements taken at 266 nm for dif-

measurements. In particular, the absolute yields are
reproduced satisfactorily by the calculation. The worst
agreement between experiment and theory is found at
45 eV internal energy, where we are off by a factor of
2 from the measured numbers. The energy range where
fragmentation is observable in our experiment, 35 to
55 eV, agrees well with calculations we published ear-
lier. The kinetic energy release derived from Eq. (6)
seems a bit too high compared to measured values,
which are around 0.4 eV [9,11,12]. This could result
from the different experimental conditions of our
experiment. However, the kinetic energy release has
only a minor effect on the outcome of the calculation
since most of the energy loss is used for breaking the
molecular bonds.

Since no structural details of the fragment clusters
are incorporated into the theory, special stability of
some fragments is not reproduced by the theoretical
calculations. In the short time scale of a multi-photon
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experiment, the fragments are perhaps not even the
proposed closed-shell structures since the time for
annealing and assuming these more stable, closed,
molecular structures may be too short. Evaporation
could proceed from the rim of this structure, therefore
the somewhat low activation energies we find for dis-
sociation of the fragments could be explained. As
already mentioned, the fragmentation by loss of larger
C, fragments than C, is not taken into account in our
calculation, which would add to the yield of smaller
size fragments. Because our calculation consistently
underestimates the fragment yield by a small amount,
a fragmentation channel by loss of large C, fragments
seems possible and could be of the order of 5 to 10%
of the C, loss channel. Experimental indications for the
loss of C,, units up to Cg in photofragmentation have
been reported [18,33]. In addition, it is still unclear if
the fragmentation consists of C, loss or the sequential
loss of two C atoms [34-36]. That is, does the Cg,
dissociate into a C, molecule and a Csg fragment, or

b)

323436384042 44-46 48 50 5254 56 58 60
cluster size (atoms)

Fig. 11. Comparison of experimental photofragmentation spectra with the calculation of the fragmentation. Fragmentation is caused by a 266
nm pulsed laser ( =5 ns) at fluences of 10, 17,29 and 130 mJ/cm?. For details on the calculation see text.

does the dissociation proceed by loss of two C atoms
sequentially? The former pathway will be lower in
energy, but there may be constraints on the loss of a C,
species from fullerenes. The conjecture that C, comes
from Cg, was made on the basis of the observation of
only even-numbered fullerenes. It is possible that the
Ceo species dissociates into Csy that is very unstable
with the internal energy left in it from the parent Cg,
and undergoes extremely rapid dissociation into the
much more stable even-numbered fullerene. Although
some experiments have detected either C-atoms by res-
onantly-enhanced multiphoton excitation [35,36] or
C, Swan-band emission in a microwave plasma of C,
[37], the nascent distribution of small neutral frag-
ments has never been verified for Cg, dissociation.
This experiment detects only positive ions from pho-
todissociation. We have previously shown that the neu-
tral fragment distribution is very similar to the ion
fragment distribution {4]. The Cq, molecules will frag-
ment in the neutral ‘‘ladder’’ as well as in the ionic
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ladder. It may be possible that for A > 300 nm, most, if
not all, of the fragment ions detected are generated from
delayed ionization (thermionic emission) of neutral
fragment molecules.

6. Conclusions

We have modeled multiphoton excitation of Cg, to
show that a many-photon excitation event can have a
low-order dependence on the laser fluence. We have
also shown why femtosecond excitation or nanosecond
excitation with wavelengths shorter than = 215 nm can
yield direct ionization without the observation of frag-
mentation or delayed ionization. In addition, we
showed that the fragmentation behavior can be under-
stood in terms of sequential evaporation of C, frag-
ments from the excited parent molecule as we proposed
earlier [5]. This result contributes to the understanding
of the processes involved that are encountered when
attempting ionization of large molecules by multipho-
ton absorption. For large organic or even biomolecules,
which do not have the special stability of Cg, the ques-
tion was raised if they can by ionized at all by multi-
photon or single-photon ionization [7]. The answer to
this question is affirmative if one is able to keep the
internal energy in the parent smali enough during ion-
ization so the molecule is stable during the analysis
time of the instrument.
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