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Preparation and investigation of the crystals formed in the
buckminsterfullerene—tetraselenotetracene—carbon disulfide system
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Crystals containing up to 30 wt. % CS,, according to the data of IR and X-ray

" photoelectron spectroscopy, were isolated from the Cgp—TSeT—CS, (TSeT is tetraseleno-

tetracene) system. The unusually high concentration of carbon disulfide results in the

complete sublimation of the crystals at a relatively high temperature (520 °C). The electron
energy loss spectra of the crystals obtained were measured and analyzed.
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The synthesis of a complex between buckminster-
fullerene (Cgp) and tetrathiotetracene (TTT) has previ-
ously been reported.12 It seemed of interest to obtain a
compound of Cg, with another planar molecule (an
organic donor), tetraselenotetracene (TSeT), which has
the same structure as TTT and similar physicochemical
properties. Since the solubilities of TSeT and Cgq in
benzene and toluene differ, the attempts to obtain a
complex by the method of cocrystallization with a pro-
grammed increase in the temperature of the mother
liquor failed: first TSeT crystals grew and then a precipi-
tate containing mainly Cgy formed. The use of CS,, a
solvent in which the solubilities of the both components
are approximately the same, allowed us to grow large
needle-like crystals (20xX2%1 mm). The analysis shows
that they contain a large amount of CS, (up to 30 wt. %)
and the fraction of TSeT is too small to consider the
crystals obtained as a compound of Cgy and TSeT.

It is known that the concentration of a solvent can be
high in clathrates of Cgy with the solvent. The crystals of
Cgp isolated from CS, are also needle-like and contain
from 0.2 to 3.6 wt. % CS, (see Ref. 3). Crystals based
on Cg with a higher concentration of CS, (up to
30 wt. %) and stable in air have not been described in
the literature. In this connection, here we present the
results of the studies of the crystals obtained by X-ray
photoelectron spectroscopy (XPS), IR spectroscopy, dif-
ferential thermal analysis, and electron energy loss
spectroscopy (EELS).

Experimental

A solution (40 mL) containing 36 mg of Cgy and 18 mg of
TSeT in CS, was placed in a 100-mL glass crystallizer. After 6
to 7 days of slow evaporation of carbon disulfide, long
(>10 mm) black shiny needles were formed on the bottom of
the crystallizer and a fine crystalline precipitate was formed on
the walls of the crystallizer. The needle-like crystals were
carefully washed off with dehydrated EtOH and dried in air. A
crystalline substance (crystals LLI, 10 mg) was obtained.

IR spectra were recorded on a Perkin Elmer 1720X IR-
Fourier spectrometer (0.5 cm™! resolution), using a diffuse
reflectance attachment (Perkin Elmer, angle of incidence 38°,
angle of scattered light collection 180°). Samples were prepared
by mixing the compound studied with KBr powder. When the
concentration of the substance studied was <3 wt. % in the
mixture, the diffuse reflectance (DF) spectrum coincided with
the absorption spectrum of the sample.4 The IR absorption
spectra for pellets of fullerene with KBr and the IR DF
spectrum of Cgg presented in the literature>—7 also agree with
those obtained in this work. Unlike the traditional procedure of
the preparation of pellets with KBr, the procedure of diffuse
reflectance is not distorting, because it does not
require molding, it is more sensitive (the signal/noise ratio is
proportional to (%3, where C is the concentration of a sub-
stance), and it balances out the lines of water and other
admixtures in KBr almost completely. However, to estimate
the composition, IR transmission spectra of pellets of a mixture
of LL1 crystals and reference compounds (Cgy and TSeT) with
KBr were also recorded with 4 cm™! resolution.

Samples for studying the induced electron emission spectra
were prepared by depositing a thin layer of a powder of a
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compound to be studied on an aluminum holder whose surface
had been preliminarily cleaned, and then oxidizing them in air
to form a thin (40 A) layer of Al,O;. The existence of such a
layer excludes the possible interaction of the compound studied
with metallic Al, and at the same time, does not prevent the
electrical contact between the sample with the substrate.

Electron spectra were recorded on a PHI-551 instrument
equipped with a double cylindric mirror type analyzer. Mg-Ka-
irradiation (Av = 1253.6 eV) was used for the excitation of XP
spectra. The analyzer worked in the retardation potential mode
(the energy of electrons passing through the analyzer (E;) was
50 eV) at an absolute resolution of 1.1 eV. EEL spectra were
excited by the electron beam from an electron gun coaxial with
the apalyzer. The energy of the primary electron beam was
equal to 2 keV. The half-width of the energy distribution for
the primary beam was 0.5 eV. EEL spectra were recorded in
the retardation potential mode: Ey = 25 eV, absolute resolu-
tion was 0.6 eV. The pressure of residual gases in the chamber
of the spectrometer during the measurements did not exceed
3-10710 Torr.

The transition from the integral intensities measured in the
XP spectra to atomic concentrations was performed using
Skofield’s data on the photoelectron absorption cross-sections
of the Mg-Ka-irradiation.8

The measured spectra were adjusted, taking into account
the dependence of the transmission coefficient of the analyzer
on the kinetic energy. Single loss spectra, y(E), were deter-
mined from the solution of the integral equation®

NY(E) — ky(E)xN"™(E) = ky(E),

where the sign * designates the energy convolution; NI*(E) is
the inelastic part of the EEL spectrum measured normal to the
surface area under the elastic peak; k is a factor that takes into
account the geometry of the electron reflectance experiment.

Transmittance —=

—L i

The function y(E) thus obtained is proportional to the loss
function averaged over the scattering angles?

WE) ~ In(1 + 00 2/0 ) Im(1/5(E)),

where 0,,,, is the maximum angle of scattering on the electrons
of the valence shell, 6y = E/(2E,;) (E,, is the energy of the
primary beam). One of the advantages of this approach is that
it does not require special assumptions about the particular
energy dependence of the differential cross-section of inelastic
scattering for plasmon and other channels of electron scatter-
ing. The sequence of procedures for the isolation of the
function y(E) from the experimental spectrum of Cgp is given
in the literature.1?

The thermal stability of crystals was studied on a DSC-30
differential scanning calorimeter (Mettler). Reference substances
(hexane, water, gallium, indium, p-nitrotoluene, lead, and
zinc) were used for the temperature calibration of the calo-
rimeter. The experiments were carried out in aluminum cruci-
bles in a nitrogen atmosphere; the scanning rate was
20 K min~!, The weight of a sample was 8.127£0.002 mg.
Samples were heated in the 108 to 293 K temperature range.
The differential thermal analysis was performed on a Mettler
thermobalance in a nitrogen atmosphere at 298 to 973 K with a
heating rate of 20 K min™!.

Results and Discussion

The IR spectra of the compound studied are pre-
sented in Fig. 1.

The positions of the most intense absorption bands
(AB) in the spectrum of the compound studied almost
coincide with the frequencies of the most intense AB in
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Fig. 1. IR spectrum of the crystals studied. The most intense absorption lines of Cgg and TSeT are denoted by the signs * and #,

respectively.
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the spectrum of Cgy (Table 1), which allows us to assign
these AB to the vibrations of buckminsterfullerene atoms.
The spectra of the crystals studied differ from those of
fullerite by the 1 cm™! shift of the AB at 576 cm™L.

The relative intensities of the AB are also an interest-
ing parameter. It has previously been established!! that
the intensities of all AB increase on going from Cg; to
A, Cq (where A is an alkaline metal atom). However,
the integral intensity of the AB at 526 cm™! varies only
twofold at x = 6. It is reasonable to assume that the
change in intensity of the AB at 526 cm™! can be
neglected for a small charge transfer (x < 1), i.e., this
band can be used as an internal standard for measuring
the integral intensities of the other AB related to the
vibrations of the atoms of Cg. It is also noteworthy that
the assumption about a small charge transfer in the
compound studied agrees with the insignificant shifts
of the main AB. It can be seen from the data in
Table 1 that the intensities of all AB increase, and the
intensity of the AB at 1183 cm™! increases nearly four-
fold. These changes can be related to the distortion of
the symmetry of the nearest surroundings of the fuller-
ene molecules.

The positions of the three weak AB in the spectrum of
the compound studied (1284.5, 955.5, and 746.0 cm™})
marked by the sign # in Fig. 1 coincide with those of the
most intense bands of TSeT or are close to them (1285,
955.5, and 740.5 cm™!). The estimation of the content of
TSeT performed with the assumption that the extinction
coefficients of these AB in the crystals studied are the
same as those in TSeT shows that there are no more than
5 TSeT molecules per 100 molecules of Cgy.

Finally, the AB at 1509.5 cm™! and the shoulder at
1503.5 cm™! in the spectrum of the compound studied
are caused by the stretching vibrations of CS, (see
Ref. 12). It is rather difficult to estimate with sufficient
reliability the fraction of this component from the IR
spectra. The differential method gives ~30 wt. %.

The composition of the crystals studied was estimat-
ed quantitatively from the changes in the integral inten-
sities of the C 1s, S 2p, and Se 3d peaks in the XP
spectra (Table 2). The [Se/Cl],XFS ratio was equal to
0.003, which corresponds to 4.5 TSeT molecules per 100

Table 1. Positions (v,) and relative integral intensities
(P(vy) = Kvy)/I(v})) of the main AB caused by the
vibrations of the atoms of Cgq in pure fullerite and
crystals LL1

Parameter Sample

LL1 Ceo
vi/em™! 527.0 527.0
vy/em™! 577.0 576.0
va/em™! 1183.0 1183.0
vg/em™} 1429.5 1429.5
P(vy) 0.49 0.48
P(vs) 2.00 0.56
Plvy) 1.69 0.93

molecules of Cgq and virtually coincides with the data of
IR spectroscopy. The [S/C],*PS ratio (0.047) corre-
sponds to ~1.4 CS, molecules per 1 molecule of Cg,
which is considerably lower than the value estimated
from the IR spectra (4 molecules of CS, per I molecule
of Cgy). However, the [S/Cl],XPS ratio also cannot be
considered exact, because the surface layer of the com-
pound studied can be depleted in sulfur due to the
partial desorption of CS, in a high vacuum under irradi-
ation with X-ray quanta. A similar effect has previous-

1y!3 been observed in studying the composition of the

surface of Cgq- 2Sg. Taking this into account, it should
be considered that there are 1.5 to 4 molecules of CS,
per 1 molecule of Cgy in the crystals studied. It is
noteworthy that the sample of Cg(CS,),, which was
obtained under the same conditions as the crystals stud-
ied, but without addition of TSeT to the mother liquor,
contains more than an order of magnitude less sulfur
than the LL1 crystals in the zone analyzed by XPS.

Thus, the volume composition of LL1 samples testi-
fies in favor of a small admixture of TSeT in these
crystals. However, the role of such an admixture is
extremely important: the samples synthesized without
TSeT contain no more than 0.1 molecules of CS, per 1
molecule of Cgy. According to the literature data,3 the
admixture of sulfur in orthorhombic crystals of Cg
isolated from a solution of CS, ranges within 0.6 to 3.6
at. %, which corresponds to 0.2 to 1.0 molecules of CS,
per 1 molecule of Cg.

The positions of the maxima of the individual peaks
in the XP spectra of the LL1 crystals and the compounds
taken for comparison are aiso presented in Table 2. It
can be seen that the Se 3d line in the spectrum of the
crystals studied is shifted 0.8 eV toward lower bond
energies relative to the spectrum of pure TSeT. The
relatively small half-width of the C s peak in the XP
spectrum of LL1 is another specific feature. The high
degree of homogeneity of the crystals studied may be
one of the reasons for this peculiarity.

The form of the loss function of the LL1 crystals
resembles that of pure fullerite. However, the energy of
the (o + =)-plasmon for the LLI crystals is approximate-

Table 2. Positions (£) and half-widths (A) of the lines of the
XP spectra and the concentrations of the elements determined
from the integral intensities of the XPS lines, using photoioni-
zation cross-sections®

Sample E /eV [C]* [S1* [Sel*
ACls Se3d S2p

Ceo 1.3 — — 100 — —

Ceo(CSy),** 1.6 - — 99.8 02 —

LL1 1.3 559 1641 954 43 0.3

TSeT 1.6 56.7 — 785 — 21.5

Sg — — 1638 — 100

* In at. %. ** The sample is obtained under the same condi-~
tions as crystals LL1.
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ly 1.5 eV lower than the similar value for Cgg. It is likely
that the density of valence electrons in the crystals
studied is lower than in fullerite. The relative intensity of
the peak caused by the losses to excite the n-plasmon in
LL1 is higher than in Cg,. It is probable that the increase
in the intensity of the peak related to =n-plasmon is
caused by the high concentration of carbon disulfide in
the crystals studied, because the fraction of n-electrons
in CS, is higher than that in Cgj.

The pronounced endothermic peak in the region
from 203 to 240 K in the DSC curves of the LL1 crystals
attests unambiguously to a first-order phase transition.
The temperature of the maximum of the peak is 228.1 K,
and the heat of the transition is 1.6 J g~l. It should be
mentioned that such a low value is characteristic of
"loose” systems. It is evident that the transition is related
to the orientation ordering of Cg, molecules in the
crystals studied. Similar ordering has previously been
observed for fullerite Cq4y at 250 K. The orientation
disordering in crystals of LL1 makes their crystallo-
graphic analysis difficult. Superficially well formed crys-
tals give blurred relectances in the diffraction patterns
obtained at room temperature, which does not allow one
to resolve their structure.

The thermal stability of the LL1 crystals was also
studied in the range from 298 to 973 K by differential
thermal analysis. Two temperature intervals where the
sample loses its mass are observed on the TA and DTA
curves. The first of them (440 to 534 K, Am = 26 %)
corresponds to the complete removal of CS, from the
sample, and the second interval (738 to 919 K, Am =
74 %) corresponds to the sublimation of Cg. It should
be mentioned that the mass loss in the first temperature
interval is stepwise: the first peak in the DTA curve at
455 K corresponds to the mass loss Am = 7.49 %, while
the second peak at 509 K corresponds to a 19.52 %
mass loss. It is likely that CS, molecules exist in the
crystals in two different conformations or occupy two
different crystallographic positions. In the IR spectrum
of the crystals, the AB caused by the vibrations of CS,
also has two peaks.

In our opinion, the complete sublimation of Cgq at a
relatively low temperature (peak at 519 °C) is of extreme
significance. The sublimation of solid samples of buck-
minsterfullerene in a nitrogen atmosphere usually begins
at 600 °C, and its maximum rate is achieved at 700 to

800 °C (see, for example, Ref. 14). This may occur due
to the partial polymerization of Cg;. The great number
of CS; molecules in the crystals prevents the polymeri-
zation of buckminsterfullerene molecules. This specific
feature of the crystals makes it possible to assume that
they can be used for the preparation of intense molecular
beams.
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18002, 93-03-18705, and 93-03-5650).
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