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Abstract—The transformations of the crystal structure of the fullerite consisting of a mixture of Cq, and C5,
that occur in the course of heating during pulsed laser irradiation are described using experimental results, the
fullerite surface temperature is determined during secondary synthesis, and the absorption coefficient of laser

radiation is calculated.
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1. INTRODUCTION

The discovery of fullerenes and their derivatives,
which have unique properties, and the development of
the arc method of their synthesis have been a powerful
stimulus to searching for and improving synthesis and
analysis methods and to developing application meth-
ods for more than two decades. An obvious advantage
of this material is the availability of initial raw materi-
als and the simplicity of the synthesis method.

The first applications of the new material were
based on the properties of fullerenes as carbon clus-
ters, which have a high electron affinity unlike other
materials. This property of fullerenes is used in solar
batteries, and high parameters of these batteries are
reached if heavy C; (i > 70) fullerenes are employed as
an electron acceptor due to a large cross section and a
high electron affinity [1]. This specific feature deter-
mined the nucleation of a new branch of physics,
chemistry, and the technology of production and
application of fullerenes. Among the number of other
applications, we note the use of fullerenes for the
growth of diamond films. The wear resistance of mov-
ing machine parts and mechanisms increases signifi-
cantly when they are coated with diamond films made
of fullerenes.

The recently developed method of synthesizing a
hydrolyzed structure of C, fullerene, namely, fullere-
nol-d, favors a wide use of fullerene structures in vari-
ous fields of science, engineering, industry, and medi-
cine [2]. Structures with a conventional mass of
1128 Da and conventional formula Cg,(OH),, are
used in aqueous and salt solutions and the solutions
related to the vital activity of the human being. There-
fore, it is necessary to supplement the concepts of
these structures and their transformations, which can
be done with new analysis methods.
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At present, information on the properties of
fullerenes become available when surface- or matrix-
assisted laser desorption ionization-time of flight
(SALDI-TOF or MALDI-TOF) laser mass spectrom-
etry (MS) is used. These methods are applied to study
the multiatomic components in complex structures,
and they are based on time-of-flight analysis of the
structures evaporated/ionized during the action of a
pulsed laser beam [3]. In this work, we perform the
SALDI-TOF MS method using an AutoFlex mass
spectrometer. To study the volume properties of the
mixture fullerite, we delayed the formation of an ion
flux with respect to the pulsed laser beam used for
evaporation.

Based on the mass spectra of the fullerite and the
thermophysical parameters, we describe the transfor-
mations of fullerite crystallites in heating under the
action of a pulsed laser beam and estimate the fullerite
temperature during secondary synthesis. We were the
first to estimate the absorption coefficient of the
N, laser radiation using experimental and reported
data.

2. LASER MASS SPECTROMETRY STUDY
OF THE STRUCTURAL TRANSFORMATIONS
IN THE MIXTURE FULLERITE

In Section 2, we analyze the transformations that
occur on the fullerite surface by recording the mass
spectrum of negatively charged fullerenes under the
action of a laser beam with the optimum radiation
power density. We study the mass spectrum of a sample
of the fullerenes synthesized at an arc current of 100 A,
a helium flow rate ¢ = 2 cm?/s, and a pressure p ~
0.11 MPa. The fullerenes were extracted from soot in
benzene and fullerene samples were prepared on an Al
substrate. Mass spectra were recorded on an AutoFlex
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Fig. 1. Mass spectrum of negatively charged ions at W= 0.12 MW/cmz.

(Bruker, Germany) time-of-flight mass spectrometer
equipped with a N, laser (A = 337 nm) at a laser pulse
duration t, = 3 ns.

The optimum laser beam power for the formation
of a mass spectrum of fullerenes was experimentally
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Fig. 2. Peaks of fullerenes (1) Cq , (2) C5;, and (3) C¢O™
vs. the number of laser pulses N. The radiation pulse

energyisqg=35W,f=5 s7!, and the extracting voltage
delay is t* = 30 ns.

chosen in order to achieve sufficiently high peaks of
the main spectrum components relative to the back-
ground. An example of such a mass spectrum is shown
in Fig. 1.

It is seen from Fig. 1 that background structures
have a level of 1—5% of the peak of Cg, under these
conditions. Therefore, the optimum laser radiation
power density for the mixture fullerite was taken to be
W, ~ 0.1 MW/cm?. To determine the fullerite surface
temperature, we used the formula from [4]. It shows
that the fullerite surface temperature during the subli-
mation of the fullerite consisting of a mixture of Cg,
and C, is

T = 1032/[0.35 + log(Isy/I)], (1)

where I,/ 1, is the ratio of the peaks of Cy, to C;, in
the mass spectrum.

The calculation of the mass spectrum shown in Fig.
by Eq. (1) demonstrates that the sample surface tem-
perature is 7'~ 1045 K, which is significantly higher
than the fullerene dimerization temperature [5, 6].

Figure 2 shows the peaks of Cg;, C;, and C4O
nanostructures from the 13 mass spectra recorded
from the same point in a fullerite sample at W =
0.12 MW/cm?.

As is seen from Fig. 2, curves /—3 have similar
shapes: the line peaks decrease with increasing num-
ber of laser pulses. Curves I and 2 can be divided into
two sections in the slope. The initial steepest section in
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curves / and 2in Fig. 2 corresponds to desorption with
the minimum energy threshold. The degradation of
fullerite crystallites is the process that requires the
minimum energy. For C¢, and C,,, the enthalpy of
crystallite sublimation is ¢, = 1.88 (1 £ 0.02) eV and
g, = 2.0 (1 £ 0.02) eV, respectively [7—10]. In other
words, the degradation of crystalline structures in the
initial section is accompanied by intense desorption of
fullerenes, since the sample crystallites formed on the
substrate when the solvent was removed under the
action of relatively weak van der Waals forces. During
the degradation of the crystallites, the evaporation
intensity decreases and the second gentle section in
curves / and 2in Fig. 2 starts. In this section, the evap-
oration intensity is determined by the process having
the maximum threshold and fullerenes degrade. The

energy of atomization of fullerenes Cqyand C,, is ¢} =

7.4eVand g5 = 8.1 eV, respectively [7—10]. It is inter-

esting that, after mass-spectrometric measurements,
the laser-beam-treated area in the sample becomes
dark brown and a thin soot layer is visible. These fea-
tures demonstrate that, under the action of a laser
beam at W~ 0.1 MW/cm? during mass-spectrometric
analysis, fullerenes undergo a phase transition into a
stable phase, namely, amorphous component (graph-
ite) [6, 8—12]. This material has a high evaporation
temperature and accumulates on the fullerite surface.
Fullerene fragments screen laser radiation and, thus,
decrease the effective sample surface. As a result, the
peak intensities decrease and the gentle section in
curves / and 2in Fig. 2 forms.

Curve 3 in Fig. 2 differs from curves / and 2 and
exhibits a significant drop after the first series of laser
pulses. This specific feature demonstrates that the
CO oxide forms on the crystallite surface and does
not form on its fragments during the degradation of
crystallites.

To estimate the process quantitatively, we per-
formed a calculation using curves / and 2 in Fig. 2.
The experimental slope of the curve for cluster C, was
determined from the ratio F, = AA4,/At,, where AA4,/ is
the change of the peak of the cluster in time interval
At, =k x AN,. Here, « is a coefficient and AN, is the
number of pulses in time interval Az,. The ratio of the
slopes in the first and second sections is M, = F,,|/F,,,
where F,,; and F,, are the slopes of the first and second
sections, respectively. The experimental relative
decreases of the slopes in Fig. 2 are as follows:

curve [/ for fullerene Cgyy, Mgy = Fyo.1/Feo2 = 37; (2)
curve 2 for fullerene C,y, Mo = Fyq,/F79,=51. (3)

On the other hand, these parameters can be
obtained from the ratio of the threshold values of these
structures. Indeed, for fullerite C4, we have

ai/a, = 3.94, (2%)
for fullerite C,,,
q3/q, = 4.05. (3%)
TECHNICAL PHYSICS Vol. 60 No.3 2015
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Thus, the slopes of curves 7/ and 2 calculated by
Egs. (2) and (3), respectively, using the experimental
data in Fig. 2 agree with the ratios of the thresholds of
degradation of crystallite/cluster structures that are
calculated by Egs. (2*%) and (3*), respectively.

3. OPTICAL PROPERTIES OF THE MIXTURE
FULLERITE. DETERMINATION
OF THE ABSORPTION COEFFICIENT
OF LASER RADIATION

In Section 3, we measure the mass spectrum of
positively and negatively charged fullerene ions using a
laser beam at a radiation power density W =
0.33 MW/cm?, which is sufficient for secondary syn-
thesis and studying the optical properties of the fuller-
ite (which are unknown) [13].

The mass spectra of fullerenes were recorded as a
function of the delay of the extracting voltage, which
was determined ast = 10vns, were v=1, 2, ..., 5 with
respect to the end of the laser pulse forming the spec-
trum. The last mass spectrum is shown in Fig. 3.

The mass spectrum in Fig. 3 consists of two differ-
ent sections. The first section includes the peaks of ini-

tial structures Cg, (m/z=720.149) and C;, (840.033)

and the lines of oxides Cy0~ and C,,0~ the peaks of
which account for 15% of the peaks of the initial struc-
tures. Moreover, the line of fullerene Cg, (1008.242)
accounts for 7% of the level of the line of Cg,. The sec-
ond section in the mass spectrum in Fig. 3 consists of
the closely spaced peaks of the secondary synthesis
particles. It is seen that some peaks of secondary syn-
thesis are comparable with the peaks of the initial
structures and the lines of the structures are spaced
A(m/z) = 12u apart. The lines of hydrated carbon iso-
topes are located between the principal lines in the
spectrum [13]. The spectrum in Fig. 3 is characterized
by the alternation of peaks with even and odd numbers
of carbon atoms, and the peaks with an even number
of carbon atoms are lower than those with an odd
number of carbon atoms by a factor of 1.5—3. For

example, the spectrum in Fig. 3 has the lines of C),

(227.624), C,, (240.618), and C;; (251.625). Among
these structures, C,, is largest and C,, is smallest. By
definition, an even number of carbon atoms is a sign of
a closed structure, i.e., fullerene; for a fullerene, the
number of bonds N = 3n/2 is an integer if # is an even
number.

In Fig. 4, we show the peak intensities of Cy, (curve 1)
and C,, (curve 2) as functions of delay time t with
respect to a laser pulse among the five mass spectra of
negatively charged fullerenes.

Curves [ and 2 are similar and have a domelike
shape. Using the data in Fig. 4 and Eq. (1), we calcu-
lated the fullerite surface temperature, and the calcu-
lation results are illustrated by curve 3. It is seen that
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Fig. 3. Mass spectrum of negatively charged fullerite ions that was recorded at a delay T = 50 ns with respect to a laser pulse.

the initial point in curves /—3 is time t, = 20 ns after
which a plateau 10—20 ns long is observed in the
curves. The curves in Fig. 4 are explained by the model
concept of surface evaporation [14]: a sublimation flux
starts from a surface fullerite layer several interatomic
distances thick. Heat energy from an absorption layer
L (to be determined later) to an evaporation layer is
transferred due to the heat conduction of fullerite. The
fullerite surface temperature increases from 7, = 1950 K,
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Fig. 4. Peaks of fullerenes (/) Cy, and (2) C4,, (3) fuller-

ite temperature during the formation of negatively charged
fullerene ions, and (4) fullerite temperature during the for-
mation of positively charged fullerene ions vs. extracting
voltage delay time t.

and the maximum temperature of the fullerite surface
Tax = 2950 K is reached in a time 20 < t; < 30 ns
(Fig. 4, curve 3). The total evaporation flux duration is
T, # 60—70 ns. The time intervals of the processes are
arranged in the sequence 1, > 1, > T,, and the fullerite
temperature determined by Eq. (1) is conventionally
quasi-equilibrium.

Curve 4 in Fig. 4 illustrates the temperature condi-
tions of formation of positively charged fullerenes. In
this case, the working temperature range is 1600—
1750 K, which is higher than the temperature range
under the optimum conditions in Figs. 1 and 2 by
500—700 K. It is seen in Fig. 4 that the difference
between the fullerite surface temperatures is 100—
1300 K depending on the sign of charge of formed
fullerenes and the delay time. The nature of the
detected difference between the fullerite temperatures
consists in the fact that, when a positively charged ion
flux forms, the laser beam energy is consumed for
fullerene evaporation and ionization (IE;). However,
when a fullerene flux forms under the action of a pos-
itive extracting voltage, an evaporated fullerene traps a
7 electron with affinity energy AE,. Thus, as a result of
ionization and affinity, a pair of fullerenes has different
energies of formation,

AE = AE,+IE, <20, 4)

TECHNICAL PHYSICS Wl. 60 No.3 2015
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where ¢, = 5.37 eV is the work function of a graphite
sheet [7]. The calculations performed for Cy—C,5,
fullerenes showed that AE = AE; + IE;= 10.6 £ 0.2 eV.
As is seen from Eq. (4), the mass spectra of positively
and negatively charged fullerenes differ substantially.
During the formation of a negatively charged ion flux,
the entire laser beam energy is consumed for heating
of fullerites. Therefore, the surface temperature
depends substantially on the sign of charge, and a tem-
perature T,,,, = 2950 K is reached during the forma-
tion of a negatively charged ion flux.

4. OPTICAL PROPERTIES OF FULLERITE

According to the sublimation model generally
accepted for the mixture fullerite [15], absorption
layer L of laser radiation is determined with the fol-
lowing formula, which is similar to the Einstein equa-
tion for diffusion:

L= (2xt)", (5)

where x = k/C,p is the thermal diffusivity, « is the
heat-transfer coefficient, C, is the specific heat of the
fullerite, p is the material density, and 7, is the experi-
mentally determined process time. The calculation of
absorption layer thickness L is performed using the
following data for the predominant component of the
sample material, i.e., Cg fullerite: k = 0.4 [7]; the spe-
cific heat of the material as a function of temperature
is C, = 0.2 + 0.0027, which was obtained by the
extrapolation of the data for Cg fullerite [15]; and p =
1.7 x 103 kg/m? [7, 15].

The substitution of numerical values into Eq. (5)
shows that the absorption layer thickness is L = 1.4 x
10-° m and the absorption coefficient of the fullerite is

k* = 07x10°m™. (6)

The calculation was performed using the AutoFlex
(Bruker, Germany) data for an N, laser at a radiation
power density W= 0.33 MW/cm?.

CONCLUSIONS

(1) A temperature 7' < 1000 K is achieved on the
surface of the mixture fullerite subjected to laser irra-
diation at a radiation power density W< 0.1 MW/cm?,
and sublimation predominantly takes place on this
surface. At a pulsed laser radiation power density W >
0.1 MW/cm?, the surface temperature is 77> 1000 K,
the destruction of the material on the surface is more
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intense, and secondary nanostructures (which were
not detected in the initial material) form.

(2) The mass spectra of positively and negatively
charged fullerenes differ in the nature of formation of
the sign of cluster charge and in the energy of forma-
tionby AE=10.6 £ 0.2 eV.

(3) The absorption coefficient of the fullerite for radi-
ation at a wavelength A = 337 nm at a radiation power
density W= 0.33 MW/cm?is k* = 0.7 x 10° m~".
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