Ximis, ¢pisuka ma mexHonoeisi nosepxHi. 2013. T. 4. Ne 1. C. 78-91

UDC 543.226
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Experimental and theoretical aspects of fullerene Cg ionization, fragmentation and aggregation are
discussed by laser desorption/ionization mass spectrometry and quantum chemistry. lon formation and
chemical reactions of fullerene molecule depend essentially upon the nature and properties of the surface
where it is deposited as well as upon the conditions of deposition and the mechanisms of ion-molecular
reactions which occur in the ion source of mass spectrometer.It has been shown that the energy of single
photon is enough to ionize an adsorbed fullerene molecule due to transition of single electron to the Fermi
level of support and consequent overcoming the barrier of image forces. Nevertheless, this mechanism
cannot explain the observed mass spectra completely, in particular the high level of fullerene
fragmentation, because of lack of photon energy. Plasmon resonance resulted from multi-photon
excitation of fullerene molecule in condensed state is the initial stage and the main mechanism of energy
supply for fullerene laser induced ionization, fragmentation, aggregation, and chemical reactions which
take place in both adsorbed state and ion plum. Explanation of observed experimental results concerning
fullerene fragmentation and aggregation is proposed based on the results of quantum chemical
calculations and on heuristic considerations.

INTRODUCTION soccerball are also widely used. Cgyp molecule is
the main subject of present article.

The laser desorption/ionization (LDI)
technique in combination with a time-of-flight
analyzer can be successfully applied to study the
structure of carbon substances — in particular,
fullerene Cgqp and its derivatives — by analyzing
the processes of their ionization and
fragmentation. Moreover, this method allows
new fullerene-like forms of carbon to be created
which were absent in the initial specimen. As
was marked in work [3], there are the principal
differences between mass spectra obtained for
different allotropic forms of carbon. As follows
from the analysis of the mass spectra of graphite
and diamond obtained by the method of
postionic-source decay, their laser
desorption/ionization does not give rise to the
formation of particles with fullerene-like
structures. This conclusion is connected with the
observed tendency to the fragmentation of
diamond and graphite evaporation products by
means of the detachment of a neutral C;
fragment whereas fullerene Cg, when interacting
with laser radiation, demonstrates the intense

First image of fullerene Cgy was published in
more than forty years ago in Japan by Z. Yoshida
and E. Osawa in 1971 [1]. Then Harold W Kroto
with co-workers showed that C¢, molecule might
be assembled spontaneously from hot nucleating
plasma [2]. New stage of investigation came in
1990 when possibility of synthesis of pure
fullerenes in gram amounts was shown and soon
the structure and physicochemical properties of
Ceo — the most stable and easy to obtain fullerene
— were investigated, mostly by efforts of
R.F. Curl Jr., HW. Kroto, R.E. Smalley who
were awarded Nobel Prize in Chemistry 1996
“for their discovery of fullerenes”.

It should be noted that the first unequivocal
experimental evidence of fullerene existence was
obtained by means of mass spectrometry.

A number of fullerenes and fullerene-like
systems is found at the moment but the most
widely popular is fullerene Cq, named also in
literature as buckminster fullerene, in honor of
famous American architect Buckminster Fuller
who was the first to use the idea in his
constructions. Simple nicknames buckyball and

* corresponding author ucslnua@gmail.com
78 X®TM2013. T. 4. Ne 1



Laser desorption/ionization of fullerenes: experimental and theoretical study

loss of neutral fragments C, which is typical of
fullerene molecules only.

In [4] it was shown that there is a threshold
value of laser radiation power for fullerene Cg
deposited from a solution in toluene onto a
polished silicon surface, at which the mass
spectrum starts to reveal the ion [Csg]", the most
intensive fragment of a fullerene molecular ion.
In the same paper, it was shown that an increase
in the laser radiation power is accompanied by a
monotonous increase in the relative intensity of
ions-fragments characterized by the general
formula [Cgo.n]” Where n varies from 1 to 4.
Earlier, in experiments with the crossed beams of
fullerene ions and electrons, a similar
fragmentation of molecular ions was observed
[5]. The authors, having analyzed the
dependence of the transverse cross-section of
molecular ion fragmentation,[Cgo] =[Css] +C,
on the electron energy made assumption that, if
the energy of incident electrons is low enough (a
few tens of electron volts), the fragmentation of
molecular ions can be a consequence of the
plasmon resonance.

According to the observed mass spectra,
fullerenes become fragmented in the course of
LDI. This fragmentation can be regarded as a
way to produce fullerenes with a defect structure,
such as Cgp, with n =1 to 4, the energy and the
geometrical parameters of which differ from
those for the initial molecules. It is a complicated
task to make a complete description of energy
parameters, structural factors, and the influence
of defects on the formation of fullerene
fragments with the corresponding composition
on the basis of exclusively experimental data.
Therefore, the obtained mass spectrometric data
are confronted below with the results of quantum
chemical calculations.

From the moment of Nobel lecture
pronounced by Harold W. Kroto entitled
“Symmetry, Space, Stars and Cg,” it has become
clear to everybody that fullerenes may be
interesting and useful not only in symmetry,
space and star problems but also in completely
earth and human problems of nanotechnology, as
far as fullerene is not only a specific molecule
but a nanoparticle as well, that with very
promising properties.

Below the Table 1 is presented from the
article by the President of the National Academy
of Sciences of Ukraine B.E.Paton with co-
authors titled “Nanoscience and nanotechnology:
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technical, medical and social aspects” [6]
summarizing the number of publications
concerning nanoparticles of various kinds.

Table 1. Number of publications concerning
nanoparticles [6]
Upto 2006- First
Nanometals - Total 30, 5409 publication
carbon 1917 588 1329 1992
gold 1302 743 559 2000
titanium 430 127 303 2002
silver 414 191 223 2000
lead 412 156 250 1997
aluminum 398 155 243 2001
iron 362 192 170 1978
zine 365 122 243 2000
sodium 353 140 193 2000
copper 220 118 112 2002

Carbon nanoparticles, including fullerenes,
occupy the first position in this Table, in both the
number of publications and the rate of increase
during recent years. It is clear from this analysis
that applications of carbon nanoparticles,
fullerenes in particular, in nanotechnology,
biotechnology, nanomedicine, and nanopharma-
cology [7] are most topical and important lines
of scientific interest.

Nevertheless, no  technological and
application aspects will be discussed in this
article. The main attention will be concentrated
on the physical principles and mechanisms of
fullerene ionization, fragmentation, and aggre-
gation as well as on surface chemistry of the
fullerene films deposited on surfaces of various
kinds under effect of ultraviolet laser irradiation.
Laser desorption mass spectrometry was the
main tool of our experimental studies and
obtained results were partially published in [8].

EXPERIMENTAL

Laser Desorption/Ionization. In 2002 John
Fenn, Koichi Tanaka and Kurt Wutrich were
awarded Nobel Prize with motivation: “for the
development of methods for identification and
structure analyses of biological macromole-cules”.
Among them, Koichi Tanaka was the first person
to develop and to prove outstanding possibilities of
matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS) in studies of biological
(and not only biological) macro-molecules. Further
development of this experimental approach
resulted in matrix-free laser desorption/ionization
mass spectrometric (LDI MS) technique and some
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other variations of the method, such, for example,
as the most wide spread surface assisted laser
desorption/ioni-zation mass spectrometry (SALDI
MS), desorption/ionization on silicon surface mass
spectrometry (DIOS MS) and many others.

In Fig. 1 one can see how does the ion
source work used in a matrix-free LDI mass
spectrometer.

LDI MS

lon beam HH to Mass Spectrometer

Laser beam

o ®

lonPum O @ @
CaO®

Support

Fig. 1. The principal scheme of LDI ion source

The molecules under investigation (fullerene
molecules in our case) are deposited on the
surface of sample plate (so-called “support™).
Any way of deposition is acceptable, the most
wide spread being deposition from fullerene
solutions with consequent evaporation of solvent
or, in some cases, direct thermal deposition of
fullerene molecules in vacuum on the surface of
support. Most frequently used materials of
support are stainless steel (standard support) or
specially prepared silicon plates with chemically
or physically modified surface. It should be
noted that obtained mass spectra, as a rule,
essentially depend upon the support material,
procedure of deposition, and thickness of
deposited sample.

The support with deposited sample is called
“target” and in the course of experiment is
irradiated by UV laser pulses concentrated in the
middle of target to achieve intensity of
irradiation enough to start laser ablation in
desorption area. Laser-induced ablation of the
target results in formation of ion plum located
between the target surface and the entrance to
mass analyzer.

As it is shown in the Figure 1, ion plum
contains not only molecular ions, positive and
negative, but also neutral and charged fragments,
aggregates and products of their interaction. Mass
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spectra obtained in positive and negative mode of
registration (positively and negatively charged
ions) provide an additional information concerning
the mechanism of ionization, fragmentation,
aggregation, and ion-molecular reactions. Ion-
molecular reactions occur in the ion plum during
the period called “extraction time” which is the
time shift between the start of ionizing laser pulse
and the start of the pulse allowing ions to enter
mass analyzer. Thus, the result of ion-molecular
reactions in a hot plum depends not only upon
preparation procedure but also upon ion source
parameters: laser power, pulse duration, pulse
frequency and extraction time.

LDI TOF mass spectrum of fullerene Cgy"
and mechanism of fullerene ionization. The
LDI mass spectrum of molecular ion Coo"
contains molecular mass of 12x60 =720 Da as
the main component. Next, heavier ions of 721,
722, 723 etc. of less intensity are explained by
contribution of C,; isotope to total molecular
mass. As the comparison of experimentally
obtained intensities of molecular mass spectrum
lines with those -calculated from isotopic
distribution shows complete coincidence, there is
no doubt that the mass spectrum contains
nothing except molecular ion Ce". This was the
fact which allowed Nobel Prize winner Harold
W. Kroto be sure that he really observed ion Cg,"
in his mass spectrometric experiments.

The first possible mechanism of Ceo"
formation is the mechanism of surface
ionization. The electron in this case leaves
molecule by tunneling to the Fermi level of
metal support, so necessary energy of ionization
in this case is only about I, - ®=2.8 eV (I, -
ionization potential, ® — work function).

As far as the energy of a single UV photon
in our experiments is about 3.7 eV, we have
enough energy for single-photon ionization of
isolated fullerene molecule resulting in
formation of molecular ion Cg,'. Nevertheless, as
it will be shown below, in desorption/ionization
experiment, fullerene mass spectra include not
only molecular ion Cso but also a large number
of fragment and aggregate ions, what is
impossible to be explained within the framework
of single-photon mechanism besause of lack of
energy. It means, from our point of view, that
multi-photon mechanism should be involved to
explain experimental results.

Fortunately, independent experiments [5] point
at existence of plasmon resonance for fullerene
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molecule in the energy interval of 16-26 eV, so the
multi-photon excitation mechanism may be
reasonably assumed to explain the composition
of mass spectra observed.

Important role of plasmon excitation of
nanorarticles in LDI experiments has been
already shown in our previous mass
spectrometric experiments with silver
nanoparticles [9].

Effect of silver nanoparticles on methylene
blue ion formation on mesoporous titania/silica
surface. The support for laser desorption
ionization in our experiments was mesoporous
titania/silica film doped with silver nanoparticles
in amount of 3 %, 5 %, 10 % and heat treated at
two temperatures.

010 -
008
o SiO+Ar 400 °C
IL‘l.’.‘lﬁ- e
204
0.0 T T : \
350 00 450 S0 550
A, nm
a
010
(.08 4
F:
= 0.061
(.04 4
002 . . .
350 400 450 00 330
A, nm

b

Fig.2. UV absorption of TiO,/SiO, films: a — heat
treatment of the film at 400 °C (no plasmon
resonance); b — the same film treated at 450 °C
(plasmon resonance is present)

It means that surface plasmon appears as a

result of thermally stimulated structure
rearrangement of  incorporated silver
nanoparticles.

Fourfold increase in intensity (Fig. 3, b)
gives direct evidence of plasmon resonance
important role in ionization mechanism of
methylene blue molecule.
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Considering all above mentioned, we can
suppose a series of photo-induced interdependent
processes that leads to the collective coherent
electron excitation in the conduction band of
silver nanoparticles and to other attendant
complex effects on the surface of substrate
during mass-spectrometric experiment.
Photodesorption is directly dependent on the
quenching rate of electronic excitation. It rises
substantially at the resonance of optical radiation
with  plasmon oscillations of metallic
nanoparticles due to light wave field gain on
their surface.
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Fig. 3. Laser desorption/ionization mass spectra of
methylene blue molecule for upper cases: a —
3%, 5%, 10% of silver treated at 400 °C (in
absence of plasmon resonance); b — 3 % of silver
in mesoporous titania/silica film in absence
(400 °C) and in presence (450 °C) of plasmon
resonance
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Resonant processes cause the maximum
enhancement of local electric fields close to the
surface of the particles and provide an efficient
transfer of plasmon excitation energy to dye
molecules. It was found that the contribution of
the plasmon mechanism to the total rate of
energy transfer dominates (exceeds by one to
two orders of magnitude the rate of transfer in
the absence of conducting bodies in system)
when the molecules are located close to the
metal surface.

Taking into account that fullerene molecule
may undergo multi-photon plasmon excitation
[5], we can reasonably assume an important role
of plasmon mechanism in the processes of
ionization, fragmentation, and aggregation as a
result of laser ablation in the LDI MS
experiment. Several examples of LDI mass
spectra of fullerenes are presented below.

>99.5 %) were deposited on standard stainless
steel target and on silicon monocrystal surface
from solutions in CCl, in CH;l and in CsHsN
(all from Merck, purity >99.5%) and
preliminary treated in an ultrasonic bath for
twenty minutes. The concentration of fullerene
in the solutiojn was 0.13 mg/ml. Laser
desorption/ionization time-of-flight mass
spectrometry was performed on a MALDI TOF
Bruker Daltonics Autoflex II instrument (5 shots
per 3 ns pulse; laser fluence 70 %; extraction
field 20 keV; laser wavelength 337 nm). All the
fullerene solutions (in amount of 4 ml) were
deposited on the target; then samples were kept
for 20 min in air at room temperature to be
completely dried and put into vacuum in the
instrument chamber for 5 minutes before
measurements. The extraction time was 40 ns to
get the highest ion yield and the signal to noise

Mass spectrometry of  fullerene ratio. Between these experiments, the solutions
fragmentation and aggregation on steel and were kept in dark at room temperature.
silicon  surfaces. Fullerene Cgq samples
(Fullerene  Technologies,  Russia,  purity
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Fig. 4. LDI mass spectra of C¢y/CH;], and C4/CsHsN deposited on stainless steel support (left) and on Si support (right)

In all the mass spectra presented in Fig. 4
both aggregation of fullerene molecules and
fragmentation of aggregates due to elimination
of C,, C4, Cs etc. fragments may be observed.
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Both aggregation and fragmentation
preferentially take place in the experiments with
fullerenes desorbed from silicon surface unlike
with those desorbed from standard steel target.
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This effect may be explained by efficient laser
beam absorption in silicon surface layer. It can be
seen that the effect of aggregation-fragmentation
for the same target is more expressed for deposition
from Cg/CH;l (¢=7.0) and less for Cg/CsHsN
(e=12.3). Thus, aggregation/fragmentation of
fullerene particles during laser desorption is
pronounced for the most saturated Cg solutions in
both cases (steel and silicon). Laser desorption
mass spectra of fullerene have proved that
aggregation/fragmentation processes are mostly
enhanced for silicon support as compared to those
for steel one.

Detailed LDI mass spectra of Cg. The
detailed mass spectrum of Cgy deposited on steel
support from the solution N-methyl-pyrollidone
is presented in the Fig.5. The procedure of
deposition, post-deposition treatment, and
experimental conditions of MS measurements
were optimized to reach maximum intensity of
ion current in order to obtain detailed
quantitative information concerning mechanisms
of ionization, fragmentation, and aggregation of
fullerene ions and molecules.
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Fig. 5. Mass specta of Cqy deposited on steel support
from solution in N-methylhyrollidone
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The following regularities may be observed
in Fig. 5.

1. The molecular ion Cg" is, as usual, gives
the most intensive signal in the mass spectrum.

2. Fragment ions [C60_2k]+ are present, also
as usual, k=0-5.

3. Aggregate ions 2[Cgo2¢] are observed in
the mass spectrum, k=1-11.

4. Within the large masses area, groups of
aggregates are also observed corresponding to 3,
4, 5 and even more fullerene molecules, with
maximum of intensity distribution shifted to
lower masses from the mass of corresponding
aggregate. Despite results close to presented here
were already observed and published, no
satisfactory explanations are available in the
literature.

From our point of view, a theoretical, first of
all quantum chemical, approach is necessary to
explain the rather complicated regularities
observed in the fullerene mass spectra.

THEORETICAL STUDIES

Extraction energies of neutral fragments
from fullerene Cgy obtained by quantum
chemical calculations. Fragmentation of
fullerenes Cg is one of the methods of preparing
fullerenes with defect structures C, (n =60, 58,
56, 54, 52). Taking into account that experi-
mental examination of the effect of defects in
fullerenes C, on their structural and energy
characteristics is difficult, comparative quantum
chemical studies of such systems become actual.
Calculations were carried out within the B3LYP
density functional theory [10, 11] with basis set
6-31G(d) by means of of the software program
USGAMESS [12]. The energy characteristics
have calculated of molecular C, cationic Cc’,
and anionic C ", forms of fullerenes (n =52, 54,
56, 58, 60) produced due to fragmentation of Cgy,
the energy values have been found of the frontier
molecular orbtals (Egomo and Erumo) as well as
adiabatic ionization potentials (I,q = (E(C,") —
(E(Cp))*27.2116, eV), electron affinities
(E=(B(C, )~(E(C,))*27.2116,¢eV), and dipole
moments P (see Table2). The calculation
method seems to be valid due to theoretical
values of such fundamental characteristics of Cg
molecule as adiabatic ionization potential
I, =7.421 ¢V, electron affinity E,=2.202¢V,
and chemical bond lengths dg=1.393 A
(between two hexagonal rings) and dss = 1.465 A
(between heptagonal and hexagonal rings) that
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agree well with respective experimental ones
(I,=7.57£0.01 eV [13], E,=2.667+0.001 eV
[14], dgs = 1.401 A and dss = 1.458 A [15].

It is known [16-18] that the reaction of Cg
fragmentation occurs according to the scheme

Cso' — Ceoom +*mCy, m=1,2,3, 4

due to elimination of C, fragment involving a 66
bond or a 5-6 one. In the first case, 484 defects
are formed (an 8-member cycle is formed binding
tetragonal, pentagonal, and hexagonal rings)
whereas in the second one — 5-7-5 defects (a 7-
member cycle is formed binding only pentagonal
and hexagonal rings). As an example, the Fig. 6
shows some structures Cgpmcz With 4-84 defects
(m =1, 2) and with 5-7-5 ones (m =1, 3).

Table 2.
C, fragment elimination

It follows from the analysis of the energy
parameters of Cgoom and Cgoom  clusters
(Table 2) that:

1) Fragmented fullerenes and their cations
Ceomca With 5-7—5 defects are more stable (as
for total energy E(C,) and E(C,)" values) (more
negative E(C,) and E(C,)" values) as compared
with those with 4-8-4 ones what agrees the
presence of more strained 4-member carbon
cycles in the structures. The total energy E(Csg")
of cation Csy' formation with involving a 5-6
bond (Fig. 6, a 5-7-5 defect) is more negative
for 1.588 eV as compared with that involving a
6-6 one (Fig. 1, a 4-8—4 defect).

Energy characteristics of fullerene cations Cqo and of its defect structures C," as well as energy effects of

+ + +

Defects C,t -E(C,"), a.u. _E(C;'.ZL:CZ)’ AEe(S ), 3 00;) (Cn 5)/0%/?0 7)0% AE,", eV
60 2285.1619 2284.8695 12.16 1.000; 1.000; 1.000 0.000
(4-84) 58 2208.9470 2208.5089 11.92 0.370; 0.305; 0.280 0.090
(4-8-4)s 56 2132.5713 2132.1455 11.59 0.081; 0.128; 0.130 0.190
60 2285.3162 2284.8695 12.16 1.000; 1.000; 1.000 0.000
(5-7-5) 58 2209.0053 2208.5704 11.84 0.370; 0.305; 0.280 0.063
(5-7-5)s 56 2132.6833 2132.2510 11.76 0.081; 0.128; 0.130 0.135
(5-7-5)as 56 2132.6740 2132.2458 11.65 0.081; 0.128; 0.130 0.139
(5-7-5)as 54 2056.3570 2055.9380 11.41 0.052; 0.091; 0.045 0.215
(5-7-5)as 52 1980.0645 1979.6468 11.37 0.021; 0.011; 0.018 0.284

C56 m2x14-8-4}

&

Fig. 6. The structures of fullerene Cg, and of defect fullerenes Csg and Csq derived due to elimination of C,
fragments involving 6—6 bonds (4—8—4 defect) and those of Csg and Cs, derived due to elimination of C,
fragments involving 5-6 ones (5—7-5 defect)
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2) The formation of several defects due to
Ceo fragmentation (both 5-7-5 and 4-8—4 ones)
results in increase of both electron donor
(decreased I, value) and electron acceptor
(increased E, value) properties of Cgpom, and
fragmented fullerenes with symmetric defects
have better donor-acceptor characteristics and
smaller forbidden gaps (6E = I,—E,) as compared
to those with assymmetric ones Cgoom (aS).
Really, if a Cses cation is formed, the total
energy values E(Css ) relative to symmetric
defects differ for 3.047 eV whereas those for
assymmetric ones in Csg,s — for 3.087 eV.

+
CSO -1

3) The fragmented fullerenes Cgpom Wwith
asymmetric defects have dipole moments (i) what
testify to both irregular electron density distributions
over molecular cores and formation of sites of
electrophilic and/or nucleophilic attacks.

4) An analysis of the electron density
distribution over molecular core of the fragmented
fullerenes Ceoom and Ceoam shows that for all the
fullerenes examined the average value of electron
density at carbon atoms is equal to 5.992+0.010
(Ceo2m) and to 5.982+0.008 (Cgoom ). This gives
reason to believe carbon atoms in these systems to
be very likely equivalent.

38,060
. 46011111414
-38.065
Lt £60-1-1-1-1-1

1C60-1-1.1-1

Fig. 7. Structures and total bonding energy values E¢, /n normalized for the number of carbon atoms of defect (4-8—4)

and (5-7-5) fullerene structures Cgo.om

We have calculated normalized to the
number of carbon atoms average values of the
atomization energy E(Cgo-om )/n in fragmeted
fullerenes (Fig. 7, m=0,1,2,3 — Cg', Css’,
Css', Css', Csy)). The results testify that due to
formation of defect structures, a deformation of
spatial structure takes place, its level being
controlled by the number of defects, place and
symmetry of their localization. One can see in
the Fig. 7 (right lower corner) that due to

X®TI12013. T. 4. Ne 1

85

sequential elimination only C, fragments from
Ceo" (light dots), more stable defect structures are
formed than those formed due to step-by-step
elimination of single (1), double (1,1), triple
(2,1) and (1,1,1) or more carbon atoms (dark
dots) from different positions in Cgy. The results
of calculations also prove that due to formation
of defect structures (Fig. 7), wvia
successive elimination of C, fragements only
from Cgo (lucid dots) more stable structures are

+
C60-2m
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formed than those born via successive
elimination of single (1), double (1,1), triple
(1,1,1) or more carbon atoms (dark dots) from
different positions in Cg.

Indeed, the calculated values AEc = (Eco.1y +C)
— Beg =13.72 ¢V, AEc; = (Bcioon) + C2) — Ecgo' =
12.16 eV and AEZC = (EC(60_1_1)++2C) — EC60+ =
23.53 eV give reason to suppose that fragmentation
of Cg' wunder laser irradiation most probably
(thermodynamically profitably) process occurs only
via elimination of C, fragment becase elimination of
single carbon atom needs more energy for 1.56 eV,
that of two carbon atoms from diffecrent positions in
Cg' being greater for 8.81 eV. Besides, it is seen in
the Fig.7 that carbon atoms C (marked by dark
cycles) with dangling valences appear in defect
structures Cso (60—1), Csg'(60—1-1), Cs;'(60-2-1),
Cs7'(60-1-1-1) and so on what testify to greater
reactivity and lesser stability of these systems.
Probably, the latter can play an important role in the
formation of aggregated defect structures like
nCeom (m=1,2,3...,n=2,3,4... and so on).

The energy value for a C, fragment
elimination from fullerene cations Cgoom
(m=0,1,2,3,4) was calculated as a difference
between the total energy of these cations and the
sum of total energy values for cation E(C,")
(n=60, 58, 56, 54, 52) and the E(C,;) for C,
fragment distant for 9-10 A from the C," cation

what practically excludes direct interaction
between their electronic systems. The attention is
paid to the fact that the increase in the number of
defects in C,," structures somewhat decreases the
elimination energy value for each next C,
fragment  (AE¢; = E(C,.,'+Cy)-E(C,), see
Table 2, n=60, 58, 56, 54, 52) as independent
on the origin of defect (4-8—4 or 5-7-5). We
believe the decrease in energy barrier observed for
such a reaction to be caused by both decrease in
ionization potential and increase in electron affinity
and to be connected with increase in electron
mobility over molecular core in defect fullerenes
(increase in forbidden gap, AEg = I, — E,).

We suppose that the amount of cations (the
intensities of signals in the mass-spectrum) in the
research chamber of mass-spectrometer is
controlled by stability (life time) of these cations,
i.e. by their energy state. Provided in defect
fullerenes all carbon atoms are identical (we
realize the approximate character of this
assumption), a measure of change in quality of
the energy states of C,  cations may be the
difference value

AE,"=E(C,")/n - E(ceo' )/60

between the bonding energy values in defect
fullerenes C," and Cgy normalized for the number
of carbon atoms (Table 3).

Table 3. Energy characteristics of fullerene cations Cgy" and its defect structures C," as well as elimination energy

values of C, fragment

Defect  C.*  -E(Cy), a.u. 'E(C";:: G, AEé‘(,:Z)’ 3 002“";)/0%/?0;)0% AE,, eV

60 22853162 2284.8695 12.16 1.000; 1.000; 1.000 0.000
(4-8-4) 58 2208.9470 2208.5089 11.92 0.370; 0.305; 0.280 0.090
4-8-4)s 56 21325713 2132.1455 11.59 0.081; 0.128; 0.130 0.190

60 22853162 2284.8695 12.16 1.000; 1.000; 1.000 0.000
(5-7-5) 58 2209.0053 2208.5704 11.84 0.370; 0.305; 0.280 0.063
(5-7-5)s 56 2132.6833 2132.2510 11.76 0.081; 0.128; 0.130 0.135
(5-7-5)s 56 2132.6740 2132.2458 11.65 0.081; 0.128; 0.130 0.139
(5-7-5)as 54 20563570 2055.9377 11.41 0.052; 0.091; 0.045 0215
(5-7-5)as 52 1980.0645 1979.6468 11.37 0.021; 0.011; 0.018 0.284

Really, relative distributions of the signal
intensities observed in the mass-spectra of cations
I(C,f)/ I(cé(f) with different levels of laser excitation
(30, 50, and 70 %, see Fig. 5) and 5-7-5 defects
are described by a common expession
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Ticn y Licoo 'y = 0.874-exp(~13.71AE,"),
n=18,r=0.983,

that for 4-8-4 defects being

Ticn y Licoo 'y = 0.964-exp(~11.58AE,"),
n=9,r=0.985.
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The relatively great correlation coefficient
(r) and close values of both pre-exponential and
exponential factors in these equations give
grounds to believe that the signal intensities of
C," cations observed in mass-spectra due to
fullerene Cgqy fragmentation are determined by
the energy states of defect Ceoom  Structures,
laser excitation energy, and, to a lesser degree,
by the defect origin.

It is known from the results of quantum
chemical calculations [19] that fragmentation of
Ceo fullerene occurs in several stages. A line is
observed in the experimental mass-spectrum
relative to cation-radical Csg'". It can be formed
due to laser irradiation effect on fullerene Cgg
molecule or on the neutral Csg fragment. It is
interesting to determine the mechanism of
formation of this fragment from Cg molecule
and from cation-radical C¢", in order to justify
the stage of destruction where Csg' is formed.

We have simulated destruction mechanisms of
both Cg and Cg" within the frameworks of ab
initio Hatree-Fock method with basis set 3-21G(d)
by means of USGAMESS program [12]. The
equilibrium spatial structures of reactants (IR),
intermediates (IM), reaction products (RP) as well

TEO00

lw L0 &
700 (_)gﬁﬁg o8 ORS¢

=300 TS1 M ."I

1260.1 2559

as of transition state (TS) configurations were
found via gradient norm minimizing [20]. The
energy minimum stationarities of corresponding
structures obtained was proved by the absence of
negative eigenvalues of relative Hesse matrices
(force constant ones) whereas the presence of
transition states was proved by existence of
transitional vectors, according to the Murrell-
Laidler theorem [21]. In order to varify accurate
correspondence of the structures of both initial
reagents and reaction products to those of transition
stages, the IRC method IRC [22] was used.

It follows from the results of our calculations
(Fig. 8) that there are six stages of Cg
destruction. The system becomes reactive in
excited triplet state. Firstly, we examined the
destruction mechanism [16] of neutral fullerene
Ceo molecule (Fig. 9). According to the literature
data [23] on the bond strengths in Cgy molecule,
its fragmentation should start from the C1-C2
bond (between 5-member and 6-member rings)
rupture resulting in the formation of the first
intermediate (IM1). The formation energy of
IM1 is equal to 255.9 kJ/mol (2.65 eV) and the
process meets a considerable energy barrier of
260.1 kJ/mol.

RP
— —
2829

(814.9)

Fig. 8. The energy diagram of destruction mechanism of fullerene Cq molecule

X®TI12013. T. 4. Ne 1



V.O. Pokrovskiy, A.G. Grebenyuk, E.M. Demianenko et al.

E, EJ.-"mul

22604

2493
(749.3)

Fig. 9. Energy diagram of the destruction mechanism of C¢,"" fullerene cation-radical

The second stage includes the change in
hybridization of carbon (from sp” to sp’) with
formation of IM2. This stage is also endothermic
one (163.6 kJ/mol) is characterized by a
considerable value of the activation energy
196.4 kJ/mol. The covalent bond rupture
between carbon atoms C1-C6 takes place at the
next stage resulting in the formation of a cycle of
eight carbon atoms (IM3). The activation energy
of this process is relatively small (67.5 kJ/mol)
and is characterized by an insignificant
endothermic effect of 11.8 kJ/mol. The forth
stage is characterized by formation of a covalent
bond between the atoms C8-C19, so the
octagonal defect IM3 (Fig. 8) is rearranged into
heptagonal one (IM4). The energy barrier of
140.2 kJ/mol is to be surmounted whereas the
energy effect of the reaction is of 123.5 J/mol.
The fifth stage is bond rupture between the
atoms C7—C19. It should be noted that this stage
is exothermic with the energy effect of
-22.7kJ/mol and a considerable value of the
activation energy (102 kJ/mol). The last stage is
connected with the bond C7-C8 rupture and
formation of Csg and C, fragments (Fig. 8, RP).
The greatest values of both activation energy
(298.2 kJ/mol) and energy effect (282.9 kJ/mol)
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are characteristic of this stage, so it is the
limiting one for the fragmentation way of Cgo
molecule considered. It should be noted that in
the RP complex the Csg and C, fragments are
distant for 6 A whereas the spin density is
localized at the heptagonal defect of the Csg
fragment. The total energy effect of the process
is of 814.9 kJ/mol.

Unlike destruction of neutral Cqy molecule
(Fig. 8), the fragmentation of Cg," cation-radical
occurs in three stages (Fig. 9). At the first stage,
the C1—-C6 bond is ruptured with formation of an
octagonal defect (IM1) similar to the neutral IM3
(Fig. 8). This stage is connected with
overcoming the considerable energy barrier of
489.6 kJ/mol, the energy effect being
420.9 kJ/mol. It should be noted that direct
connections have been found by the IRC method
between TS1 and IR and also between TS1 and
IM1 without intermediates and transition states.
No intermediate has been found with changed
for sp’ hybridization of carbon atom typical of
the fragmentation of neutral C4p molecule (IM2,
see Fig. 8). In this case, unlike the previous one,
the first stage is limiting as it characterized by
the highest value of activation energy of
489.6 klJ/mol (Fig. 9).
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This energy barrier is greater than those of
the limiting stage of the neutral C¢ molecule
fragmentation for 298.2 kJ/mol (Fig. 8). The
second stage is characterized by the activation
energy of 223.1 kJ/mol; respective components
of the transitional vector testify to the C7-C19
bond rupture and simultaneous formation of the
C8-C19 one. As a result, the IM2 (Fig.9) is
formed with a heptagonal defect similar to the
IMS5 (Fig. 8). The energy effect of this stage is of
122.6 kJ/mol. The absence of intermediates has
been also proved by the IRC method. The last
(third) stage (Fig. 9) similar to the last stage of
the fragmentation of neutral fullerene molecule
(Fig. 8) is characterized by the C7-C8 bond
rupture resulting in the formation of C, and Csg
fragments with overcoming a lesser energy
barrier (260.4 kJ/mol). In the RP (Fig.9), the
distance between C, and Csg is less than that in
the analogous complex (Fig. 8) (about 4 A). The
spin density and positive charge are localized at
thei Csg fragment. The total energy effect of the
Ceo~ fragmentation is less (for 65.6 kJ/mol) than
that of Cgo (749.3 klJ/mol).

Thus, the results of calculations show
destructions of both neutral Cy, and cation-
radical Cg' to occur according to the similar
mechanisms except different number of stages:
Ceo 1s decomposed into Csg and C, in six stages
whereas Cg ' is transformed into Css™ and C, in
three stages. The energy value of the limiting
stage of Cgq =~ fragmentation is greater for
191.4 kJ/mol. As the laser irradiation results in a
local heating of the surface with adsorbed Cg
molecules, their destruction should be believed
to occur at a high temperature. This means that
the main controlling factor of the reaction is its
thermodynamic effect, i.e. a thermodynamic
control takes place. The total energy effect of
Ceo destruction is greater for 65.6 kJ/mol than
that of Cgy neutral molecule.

The origin of multiple fullerene Cgzy mass
spectra: heuristic interpretation. The
unexpected satellites observed in mass spectra of
Cqo fullerene with the m/z values corresponding
to aggregation of initial species and/or its
fragments C, (50 <x <60, x seems to be even)
can be explained as follows. According to the
ideas set out in writing by Z. Slanina [24], the
intensity of spectra should depend on the
probability of unifying initial species into a
combined one. Thus, there is a unique way to
obtain a C,, particle from two Cg species (one of

X®TI12013. T. 4. Ne 1
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them being charged) or to form a Cg particle
from Cg and Csg. At the same time, a Cyjo
particle can be formed by Cgp + Cs9, Csg + Csp, or
Cs¢+ Csy species  (three  variants). This
circumstance can be used as a tool for explaining
observed spectra.

Theoretical spectra of dimeric (@), trimeric
(b) and tetrameric (c) particles are pictured
below (Fig. 10). Their maxima correspond
approximately to Css, particles in a good
agreement with the experiment. If normalized
over the total number of probable combined
species, a theoretical distribution of the
intensities in mass-spectra closely mimic the
experimental one (Fig. 5).

i
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||
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160 170
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‘ ‘ ‘ | L1,
20 230 2401
Fig. 10. Theoretical mass-spectra of dimeric (@), trimeric
(b) and tetrameric (c) fullerene particles
CONCLUSIONS

Laser desorption/ionization mass spectrometry
seems to be the method of choice for investigation
of physical processes occurring in condensed phase
of fullerene molecules under laser ablation. lon
formation and chemical reactions of fullerene
molecule depend essentially upon the nature and
properties of the surface where it is deposited, upon
conditions of deposition and upon mechanisms of
ion-molecular reactions occuring in the ion plum.

Plasmon resonance, as the result of multi-
photon excitation of fullerene molecule in
condensed state, is the initial stage and the main
mechanism of energy supply for fullerene laser
induced ionization, fragmentation, aggregation,
and chemical reactions occurring both in
adsorbed state and in ion plum.

Quantum chemistry calculations are an
efficient tool to clarify the nature, mechanisms,
and details of processes under investigation, in
particular fragmentation and aggregation of
fullerene ions.

It has been shown that the energy of single
photon is enough for ionization of adsorbed

b
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fullerene molecule by transition of single electron
to the Fermi level of support and consequent
overcoming the barrier of image forces.
Nevertheless, this mechanism cannot explain
observed LDI mass spectra completely, in
particular the high level of [Cy]™ fragmentation,
because of the lack of photon energy.

We assume that possibility of multi-photon
excitation of Cgy by plasmon excitation mechanism
should be taken in consideration, with consequent
transformation of electron energy to vibration
modes, in order to explain the distribution observed
of fragment intensities in the mass spectra.

Dramatic and unexpected effects may be
observed as a result of UV laser treatment of
fullerene-containing nanostructured materials used
in nanotechnological, biological, and medical
applications of fullerenes and their derivatives.

It follows from the analysis of quantum
chemical studies on the probable fragmentation
mechanisms of fullerene molecule that destruction
of Cg~ cation-radical is more probable
thermodynamically than that or related molecular
form. The results obtained may testify that the 5-7-5
defects and symmetry of their arrangement play
more important role in the mechanism of defect
formation due to Cg fragmentation under laser
irradiation.

The origin of satellites observed in mass
spectra of Cg fullerene may be successfully
explained heuristically within the idea on formation
of multiple species combined from initial and
fragmented fullerene molecules and ions.
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JlazepHa aecopOuisi/ioHizauis ¢yJiiepeHis:
eKCIIePUMEHTAJIbHI Ta TeOPeTHYHI 10C/IiIKEHHA

B.O. IlokpoBchkuii, A.I'. I'pedentok, E.M. Jlem’ssnenko, B.C. Kyup,
O.b. Kapnenko, C.B. Cuerip, M.T. Kapteas

Tucmumym ximii nogepxui im. O.0. Yytxa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Yrpaina, ucslnua@gmail. com

Posensnymi ma 062060peHi excnepumeHmanbHi ma meopemuyni acnekmu [oHizayil, gpasmenmayii ma aspezayil
@ynepeny Cg, 8UBUEHO20 MEMOOOM MAC-CHEKMPOMEMPIT I3 3aCMOCY8antsm iasepHol Oecopbyii/ionusayii ma keanmogor
Ximii. Ymeopennst ionie ma ximiumi pearyii MONEKYL yIiepeny 3anexcams nepeajdcHo 6i0 npupoou ma elacmueocmetl
NOBEPXHI, HA 5IKY 60HU HAHECEHI, 80 YMO8 HAHECEeHHs MA 6I0 MEeXAHI3MY [OHHO-MOJICKVIISPHUX Peakyill, siKi Malomv micye 6
ioHHOMY Ooicepeni mac-cnexmpomempa. Tlokazano, wo enepeii 00Ho2o gomona docmammubo O IOHI3ayll A0copPOO8aAHOT
MONeKyu QyInepery uiisixom nepexooy eneKmpora Ha pigenb @epmi niOKIAOKU ma nooanbio2o NOOONAHHS 6ap '€py cui
eNeKMPOCMAmu4Ho20 300pasicenmst. Bmim, yetl mexanizm HecnpomodCHUl NOACHUMU 00EPIHCAHI MAC-CREKMPU GUHEPNHO,
0coOMUB0 BUCOKULL pieeHb hpasmenmayii gyuiepery, 6HACTIOOK Hecmaui HeoOXIOHOI Ona yvbo2o eHepeii. Ilhazmomnmnul
DE30OHAHC, 5K HACTIOOK 0a2amopomoHHO20 30Y0HCeHH MONeKyIu (DyIiepeHy 8 KOHOeHCOBAHOMY CMAHI, € NOYAMKOBOH
Ccmaoi€ero ma OCHOBHUM MEXAHIZMOM NOCMAYAHHS eHepaii O 1a3epHO-IHOYKOBAHOI IoHI3ayil, (ppaemenmayii, aspeeayii ma
XIMIUHUX peakyiti, AKI 6i00y8alomvca AK 8 a0copOOBAHOMY CMAHI, MAK i 6 IOHHOMY Odcepeni Mac-CHeKmpoMempa.
3anpononosana inmepnpemayis cnOCMepeiCcy8aHux eKCHEPUMEHMANbHUX Pe3yIbmAaImie, wo cmocylomscsa gpasmenmayii
ma azpezayii Qpynnepenis, Aka 6a3yeMbCa HA Pe3VIbMAMAX KEAHMOBOXIMIUHUX PO3PAXYHKIE MA e8PUCTNUYHUX MIDKYBAHHSIX.

JlazepHasi necopOuus/MoHu3aNuA PyJJIePEeHOB:
JIKCIEPUMEHTAJIbHbIC U TeOPeTHYECKUE HCCIeT0BAHUS

B.A. IlokpoBckuii, A.I'. I'pedeniok, E.H. emsinenko, B.C. Kyups,
A.B. Kapnenko, C.B. Cuerup, H.T. Kaprtein

Hnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanvroti akademuu Hayk Ykpaursl
yi. I'enepana Haymosa, 17, Kues, 03164, Ykpauna, ucslnua@gmail.com

Paccmompenvl u 06cyscoenbl  IKCnepUMEHMATbHbIE U MeOPemuyeckue Acnekmol UOHU3AYUY, (pasmenmayuy u
acpecayuu  pyiepena  Cgy,  UCCICO0BAHHO20 — MEMOOOM — MACC-CNEKMPOMEmpUY ¢ NpUMeHeHueM  1a3epHol
Oecopbyuu/uonusayuu 1 Keanmosou xumuu. HMonoobpazoeanue u xumudeckue peaxyuu MONeKVl QyiiepeHa 3asucsim
NpEeUMyuecmeeHHo Om HpUpoobl U CEOUCME NOBEPXHOCMU, HA KOMOPYIO OHU HAHECEHbl, OM YCI06ULL HAHECeHUs. U Om
MeXAHU3MA UOHHO-MONEKVIISPHBIX PEaKYUll, KOMOopble NPOMEKAIom 8 UOHHOM UCTOYHUKe Macc-cnekmpomempa. Tlokasano,
umo dHepeuu 00HO20 OMOHA DOCMAMOYHO Ol UOHU3AYUU AOCOPOUPOBAHHOU MONEKYIbl QyLilepeHa nymem nepexooa
aeKmpoHa Ha ypoeenvb Pepmu noonodcku U O OanbHeluezo npeodoneHus bapvepa Cul INeKmpocmamuieckozo
uzobpadicenusi. OOHAKO, IMOM MEXAHUIM HE MOJNCEMm OObICHUMb NOJYYEHHbIe MACC-CNEKMPbL NOTHOCIbIO, OCOOEHHO
BbICOKULL YpOBeHb (hpazmenmayuu Qyiepena, 8cieocmaue HeOOCMamKa Heobxooumot 0 moeo sHepeuu. Ilazvontolil
PE30HAHC KAK CIeOCMEUe MHO20(IOMOHHO2O B030YHCOCHUSL MONEKYIL (DYILIEPEHA 8 KOHOEHCUPOBAHHOM COCMOSTHUU SIGTSIeMCSL
HAUanbHoOU cmaouell U OCHOBHbIM MeXAHUIMOM MNOCMABKU dHepeuu ONa  Ja3ePHO-UHOYYUPOBAHHOU UOHU3AYUL,
@pacmenmayuu, azpecayui U XUMUYECKUX PeaKyutl, KOMopble NPOUCXOO0SM KAK 8 A0COPOUPOBAHHOM COCHIOSHUL, THAK U 6
UOHHOM — UCmOYHUKe —Macc-chekmpomempa.  Tlpednosicena  unmepnpemayust  HAOMOOAEMbIX  IKCHEPUMEHMATBHBIX
PE3VIbMaAmos, Kacaiowuxcs hpazmenmayuu u azpecayuul (hyiepeHos, OCHOBAMHASL HA PE3YIbIMAMAax KGAHMOBOXUMUYECKUX
PACUEMOo8 U IBPUCHIULECKUX COOOPANCEHUSIX.
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