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Desorption of Cg™ and its dimer cation was investigated on irradiation with nonresonant femtosecond laser
pulses at 1.4 um. Ionization of solid Cg revealed strikingly different features, such as the absence of multiply
charged molecular ions, the emission of C* at low laser intensity, C, attachments, delayed ionization, and
dimer cation formation, as compared with the gas phase experiments. The large kinetic energy distribution of
ions found in this study indicated that the desorption process was mainly driven by an electrostatic mechanism
rather than by thermal, photochemical, or volume expansion mechanisms. Singly charged Cg emission by a
Coulomb explosion due to the high density of Cg™ is suggested.

Introduction

Mass spectrometry by ion desorption! is widely used in
chemistry, biology, and medicine for qualitative analysis of
materials. The success of intact molecular (parent) ion detection
by MALDI (matrix assisted laser desorption ionization)? and
DIOS (desorption ionization on porous silicon)? provides many
advantages for analytical purposes. Despite the importance of
intact ion detection in those methods, controversy as to the
ionization and desorption mechanism is ongoing. The complex-
ity is due in part to the contribution of the matrix and substrate
in the processes. The ablation processes of metals and polymers
where bond breaking should be involved have also been
extensively studied.* One of the difficulties in clarifying the
mechanism for all the desorption processes mentioned above
is the absence of gas phase experiments of the isolated condition.
On the other hand, intact ion formation® in addition to highly
charged molecular ion formation® in the gas phase by using
femtosecond laser pulses was identified. A variety of laser
parameters, such as wavelength, pulse duration, and polariza-
tion,” have been examined for the formation of intact molecular
ions. A key issue is that fragmentation is enhanced when the
cation radical exhibits absorption at the laser wavelength,
although the ion was formed by a nonresonant ionization process
of neutral molecules. In addition, it is clear that a shorter
duration pulse is better to avoid fragmentation.® Investigation
of the direct ionization/desorption mechanism for producing
intact molecular ions from solid samples will allow a femto-
second laser as a useful tool for mass spectrometry and will
also provide important information to help in the understanding
of other desorption processes.

However, the main focus of most femtosecond laser ionization
studies has been isolated atoms, molecules, and clusters. A
representative molecule in intense light field chemistry? is the
fullerene molecule (Cgp), and many femtosecond laser ionization
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experiments have been reported in the gas phase.!® Multiply
charged Cgp up to 12+ was observed with 70 fs pulse irradiation
at an off-resonant wavelength of the cation radical in the gas
phase.!! On the other hand, Cgy was broken down completely
to highly charged carbons by a Coulomb explosion'? under
ultraintense laser fields.!3 Recently, solid Cgo deposited on a
silicon substrate was ionized with a femtosecond laser, which
was in resonance with the substrate and also with the neutral
and cationic states of the Cgp (800 nm, 120 fs; 400 nm, ~200
fs)."* However, the femtosecond ionization and desorption
mechanism of Cgp has not yet been made clear. To avoid the
complexity that arises from postionization processes initiated
by photo absorption of the cation radical'> as well as from
substrate heating or ionization processes, we investigated the
direct (that is, with neither a prevaporization laser nor a matrix,
but with a thick organic layer and a transparent substrate)
nonresonant femtosecond laser ionization and desorption of solid
Ce0.'® Because organic molecules in the solid phase are
aggregated by van der Waals force, the electronic character of
the molecule remains. Therefore, the character of the isolated
molecule will be reflected in the ionization and fragmentation
processes of the solid. Comparison with experiments in the gas
phase will provide fruitful information toward understanding
the ionization and desorption mechanism.

Experimental Methods

An excess amount of Cgy (Aldrich, 99.95 %) was finely
powdered by stirring in toluene for several hours, and the slurry
was deposited on a quartz plate, followed by solvent evaporation
in a vacuum. Details of the ionization experiments have been
described elsewhere.!” Briefly, the ion generated by focusing
laser light was analyzed by a homemade Wiley—McLaren-type
dual extraction stage time-of-flight mass spectrometer with
resolution (m/Am, fwhm) of 500 at m/z = 129 for xenon. An
aperture of 6 mm diameter was located on the extraction plate.
The base pressure of both the ionization and time-of-flight
chambers was below 5 x 1077 Pa. The pressure during the Cgo

U 2008 American Chemical Society

Published on Web 06/11/2008



5782 J. Phys. Chem. A, Vol. 112, No. 26, 2008

experiments was below 1073 Pa. A thin sample plate was
inserted in the acceleration region, and hence, the ion optics
were optimized to correct the distortion of the electro static field.
The sample plate was moved to the shooting laser beam on the
fresh surface. A 45 fs pulse from a 0.5 TW all-diode-laser-
pumped Ti:sapphire laser system (Thales laser, o 100/XS, 100
Hz, >15 mJ, 800 nm) was used to pump an optical parametric
amplifier (Quantronix, TOPAS). The pulse width was measured
by a second-order scanning autocorrelator (APE, PulseCheck).
The same optical elements, such as the ionization chamber
window, focusing lens, beam splitter, and neutral density filter,
were placed in front of the autocorrelator to have the same group
velocity dispersion. A pulse of 58 fs (fwhm, Sech?) duration at
1.4 um was used for the experiments. The direction of the laser
polarization was orthogonal to the time-of-flight axis. The laser
beam was focused onto the Cgp with an incident angle of 45
degrees using a planoconvex quartz lens with a focusing length
of 300 mm. The actual laser intensity at the focus was
determined by measuring the saturation intensity, s, of xenon
by the method of Hankin et al.'® The output signal from an
MCP was averaged by a digital oscilloscope, and the ion yield
was obtained by integrating over the appropriate peak in the
time-of-flight spectrum.

Results and Discussion

Figure 1 shows the time-of-flight mass spectra of Cg. Intact
Ceo™ was observed below 5 x 102 W cm™2. As the laser
intensity increased, C* and a series of C, loss fragments
(Ce0-2¢™) appeared. The relatively broad width of the Cgy™ peak
(Am ~ 14, fwhm; isotope peaks were not resolved; Figure 1a)
and its C; loss fragment ions indicated that Cg™ gained a large
amount of kinetic energy. The peak width (fwhm) of C* and
Coo™ at 8.5 x 10'> Wem ™2 was equivalent to the kinetic energy
distribution of ~3 and 7 eV, respectively (Figure 2). The kinetic
energy distribution of water (gas) was only 0.03 eV measured
with the same spectrometer; thus, the instrumental response was
considered negligibly small. The large kinetic energy of ions
indicated that the origins of C* emissions are likely not an
ordinary thermally induced chemical bond-breaking reaction,
but a kind of repelling of atoms by a strong electrostatic force,
such as a Coulomb explosion. The broad width also reflected
the high vibrational temperature of the ions.

Significant fragmentation, the tailing component of Ceo™
attributable to delayed ionization,'® and (Cgp)>" formation
became visible at higher intensities in addition to the splitting
and broadening of some fragment peaks (Figure 1 b). Due to
the broadness of the peak, it was not clear whether (Cgo),* was
a single peak or composed of several peaks due to coalescence
(C, attachment and detachment products of fused Cipp).?°
Attachments of C; to Cep™ (Ceo+2+7), such as Ces™ (m/z = 768)
and Ce¢ " (m/z = 792), were identified (Figure 2), but the tailing
component of Cgo™ masked Cey" (m/z = 744). The C, attached
ions were masked by the delayed ionization component and not
recognized above 10 x 10> W cm™2. Contrary to the results
of 400 nm ionization of solid Cgy on a silicon substrate,'* 1.4
um ionization of solid Cgp on a quartz substrate revealed
strikingly different features, such as the ejection of C* at low
laser intensity (Figure 1a) and the absence of Cgo?>™ (Figure 1c).
The ion yield of (Cg),™ increased as the laser intensity increased
in this study, whereas it diminished at high intensity on a silicon
substrate.!# These differences indicated that there were different
ionization and desorption mechanisms, depending on the laser
and sample conditions. The effect of the substrate should be
important if the thickness of the adsorber is thin enough to allow
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Figure 1. Time-of-flight mass spectra of solid Cey at different
intensities (1.4 mm, 58 fs): (a) 8.5 x 10> W cm™2, (b) 13 x 102 W
cm 2, and (c) 11 x 10> W cm™2,
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Figure 2. Time-of-fight mass spectrum of solid Ceo at 8.5 x 102 W
cm™2 (1.4 mm, 58 fs). Inset shows the same mass spectra of C*. Dashed
and solid lines indicate Gaussian fit of each mass peak and the sum of
them. Arrows indicate the full width at half maximum of C* and Cgy"
peaks, respectively.

the laser beam to penetrate the substrate. In such a case, the
substrate would be excited and heated because the band gap of
silicon (1.1 eV corresponds to 1.1 um) is lower than that of
Ceo. Substrate would be ionized at a lower laser intensity as
compared with Cgo, and plasma may contribute to the whole
process when the laser intensity is sufficiently high. In addition,
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Figure 3. Ton yields of Cep" (open square), (Ceo)2™ (solid square), and
C* (open circle) as a function of laser intensity. The solid lines have
a slope of 6 (Cg™ and (Cgo)2™) and 8 (CT).

the contribution of the photoinduced fragmentation process of
Ceo™ must be included because the molar absorption coefficient
of cation radical at 400 nm was approximately 40 times larger
than that at 1.4 um,?! and the relatively long duration of the
laser pulse (200 fs) was sufficient to excite the cation radical.
Although the benefit of the substrate effect has been shown by
DIOS-MS as an intact molecular ion formation method,? to
investigate Cgo alone, it is necessary to prevent the substrate
from affecting the processes. The results for Cgp can be
compared with those of direct ionization/desorption experiments
that use free electron lasers (FEL, 8.8 um, 2 us, NaCl
substrate).?? The results with the FEL laser (long duration and
infrared pulses) are obviously dominated by thermal processes.
Similar behavior, such as the dominance of Cgy™, attachments
of C; to Cg™, and delayed ionization, was observed in our
experiments. In the gas phase, only the longer-duration laser
pulse (longer than a picosecond) resulted in violent fragmenta-
tion and delayed ionization.?* Neither attachments of C, nor
dimer cation formation were reported in the gas phase by short-
duration pulse irradiation. From these facts, we can conclude
that desorption of solid Cgy by femtosecond laser pulses was
influenced by thermal effects, although 58 fs pulses were used
in this study.

Figure 3 shows the laser intensity dependence of Cgo ion
yields. The slopes indicated in Figure 3 are 6 for Ce™ and
(Ce0)2™ and 8 for C*. The ionization rate depends mainly on
the ionization potential; however, it differs by the depth from
the surface in the case of a solid. Because the laser pulses
penetrate into the bulk solid, the broad distribution of ionization
potential should be taken into account. However, the contribu-
tion of the surface would be significant only in the case of a
nanosize particle and, thus, could be neglected for our fairly
large particle sample. The ionization potentials of organic solids
have been studied in detail by Sato et al.>* The vertical and
adiabatic ionization potentials of Ceo are 7.61 eV in the gas
phase, whereas the work function, threshold (bulk), and peak
(near to the surface) ionization potentials of solid Cg are 4.85,
6.17, and 6.85 eV, respectively.? They correspond to 6, 7, and
8 photons of a 1.4 um pulse (0.89 eV). The Keldysh adiabaticity
parameter y defines the border between the multiphoton
ionization and tunnel ionization regime of atoms.?® According
to the photoelectron measurements of Cgy in the gas phase,
tunnel ionization took place above 10 W c¢cm™2 (y = 0.80,
800 nm).”’ Suppose the ionization potential is 6.17 €V, then y
is 1.3 at 1 x 10" W ¢cm™2 (1.4 um). Under our experimental
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Figure 4. Saturation intensities, I, of Ce" as a function of pulse
duration. Earlier experiments (squares, 1800 nm, 710 fs, ref 11; 800
nm, 9 and 27 fs, ref 10; 395 nm, 45 fs refs 10 and 37) in the gas phase
and the present experiments in the solid phase (circles) are compared.

conditions, both tunneling and multiphoton ionization mecha-
nisms may be involved. Figure 4 compares the saturation
intensity, Iy, of Cgo™. Isy corresponds to the intensity at a certain
ionization probability, which in turn depends on the ionization
potential, wavelength, and pulse duration. I is defined as the
point at which the ion yield (linear scale), extrapolated from
the high-intensity linear portion of the curve, intersects the
intensity axis (logarithmic scale).'® Solid Cgo needs 1 order of
magnitude smaller intensity than in the gas phase to be ionized.
The significant difference may originate mainly in their ioniza-
tion potentials; however, comparison with theoretical model is
difficult due to heavy fragmentation at high intensity.

The absence of multiply charged molecular ions at high laser
intensity and the presence of C* at low laser intensity were
strikingly different features of the solid phase as compared with
the gas phase experiments. These features should be key clues
for clarifying the desorption processes. Neutral C, emission
occurred; however, C* ion production by the dissociation and
ionization of C, was not considered because the pulse duration
of the laser is much shorter than the time scale of the dissociation
process of neutral fragment. It should be mentioned that Ce?™
was absent also in the 800 nm ionization experiments of solid,
even above 10'* W cm™2 (not shown). Highly charged molecular
ions have been commonly observed from many organic systems
by femtosecond laser irradiation in the gas phase.?® Up to a
12+ fullerene was observed experimentally,!! and its stability
was theoretically proved.”® Even in the solid phase, highly
charged molecular ions must initially be formed by 1.4 um (58
fs) pulse irradiation. Once highly charged Cgp was formed,
redistribution of charges was presumably completed in a very
short time because of the high density of the solid. Gas phase
experiments have been performed under a typical pressure of
5.0 x 107 Pa, which corresponds to 2.0 x 107! M; therefore,
charge redistribution is not possible. In contrast, the concentra-
tion of Cgp in the solid phase is 2.3 M (1.69 g cm ™), and thus,
hole neutralization by neighboring neutral and lower charge
states of Cgyp would take place immediately, finally resulting
only in the Cgpt formation.

The formation of Cgy™ and Cgo>* without fragmentation was
reported in collisional charge transfer experiments between Cgo*™
(z = 1—5) and neutral Cg in the gas phase.*® Thus, the charge
transfer reaction itself will not cause fragmentation under the
isolated conditions. On the other hand, neutralization of highly
charged Cgp by neighboring molecules should release consider-
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able energy to the lattice in the solid phase. This process could
produce electronically excited states of ions with excess energy.
The amount of energy released could be estimated from the
results of the investigation of a multiply charged Cgo dimer.?!
For example, the difference in interaction energy between
(Ce0)2*" and (Cgp)»2" at the fixed intermolecular distance of 9.5
A was ~4 eV. The experimental kinetic energy release from
dimer dissociation ((Cgo)>*™ to 2Cep?") indicated the internal
excitation of the monomer was ~2.8 eV.3! A conformational
change might occur through the charge transfer process in a
real solid system, and a significant amount of energy could be
expected to be transferred to the lattice. The electron—hole
recombination would also produce significant excess energy.
In addition to these processes, some of the electrons will
penetrate into the bulk and also contribute to heat the lattice,
although most of the electrons will be ejected from the surface.
In fact, delayed (thermal) ionization was observed at higher
intensity. The tailing component of Cgo* (Figure 1b) can clearly
be attributed to the delayed ionization, with its decay of 4 us
fitted by the first order at 11 x 10'> W cm™2. Due to insufficient
resolution, we cannot fit the decay using the power law.>? The
appearance of delayed ionization is not so surprising, because
desorption takes longer than the pulse duration so that some
time will be available for energy redistribution and thermaliza-
tion. The super thermal (vibrationally excited) condition would
cause fragmentation. One may consider delayed ejection because
not every ion was desorbed from the uppermost layer. However,
delayed ejection (penetration effect) would not be serious
because the focusing diameter and surface roughness in this
experiments was on the order of a few tens of micrometers.
The delayed ejection will not affect on our results, but such an
effect would be important for metals with very clean surfaces.

There presumably could be a low probability of photoinduced
fragmentation of the cation radical at 1.4 um excitation because
Cep is transparent at the laser wavelength and its cation radical
has little absorption. The molar absorption coefficient of the
cation radical at 1.4 um was about 1/10 that at 0.8 um, as
measured by electrochemical oxidation in solution.?! Further-
more, the contribution of the photoinduced fragmentation
process was negligible at excitation wavelengths longer than
1.5 um in the gas phase.?* However, photoinduced decomposi-
tion of a dimer cation would occur if the dimer cation staying
in the solid has strong absorption at the laser wavelength of
1.4 um, even with a very short pulse.** The very broad width
of (Cep)2™ (Am was ~200) could be attributed to the collisional
formation from neutral C¢p and ions thermally emitted from the
surface. A dimer cation was presumably formed away from the
surface by the collision at the wing of the laser focus spot where
neutral Cgo remains, giving a mass peak with broad distribution.
The photodissociation of dimer ejected from the surface was
not considered because the pulse duration of the laser is much
shorter than the time scale of the desorption process. The same
laser intensity dependence with monomer ion could be ex-
plained. The activation energy of (Ceo)2t dissociation is 0.372
eV; 3 therefore, the internal energy should be lower than this
value under the assumption of the weakly bonded dimer of
(Ceo)2*. Therefore, we have to assume a covalently bonded
dimer formed by reaction with the solid Ceo(s).

We postulated that the desorption process by femtosecond
laser pulses was driven by an electrostatic mechanism rather
than by a thermal (melting and boiling), photochemical (bond-
breaking), or volume expansion mechanism due to the large
kinetic energy of ions. Singly charged Cgp was emitted by a
Coulomb explosion due to the high density of Cgp™ produced
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by the sequential charge redistribution of the initially formed
highly charged ions. On the assumption that the intermolecular
distance is 9.5 A, the Coulombic repulsion energy between
Ceot(s) is 1.5 eV. If Cgo™ is surrounded by several Ceot(s), the
energy will be well above the enthalpy of neutral Cg sublima-
tion (1.9 eV).3 C* would also be emitted by Coulomb
explosion, probably due to the temporal charge localization
within the framework of Cgy. Although bond breaking is
necessary, the Coulomb explosion mechanism is also proposed
for ion ejection from inorganic crystals®® and graphite.® The
above Coulomb explosion desorption mechanism of Cey might
be one candidate. However, it is notable that Cg, is somewhat
a special molecule due to its stability in multiply charged states
and its large dissociation energy. Further examinations of a
variety of organic molecules are necessary to draw a decisive
conclusion about the general ionization and desorption mech-
anism by femtosecond laser pulses, and reducing the kinetic
energy of ions is a key issue for high resolution mass
spectroscopy.
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