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1. INTRODUCTION 

Earlier, it was reported [1] that the C60H36 com�
pound synthesized by the reduction of fullerene C60

with the use of Zn/HCl is chemically unstable in air.
According to the later data [2], upon the interaction
with air, the white color of the C60H36 compound syn�
thesized in different solvents changes to orange and
the complete oxidation occurs for less than 1 h. The
exposure to the light significantly increases the oxida�
tion rate. 

For different states of the fullerene in the literature,
there are terms such as fullerene, fullerite, fulleride,
and fullerane. The last term refers to the hydrogenated
fullerenes. In this paper, for hydrogenated fullerite, we
prefer to use the term “hydrofullerite.” 

We synthesized hydrofullerites C60Hx with the
hydrogen content from x = 36 to 60 [3] by the reaction
of C60 with molecular hydrogen under a high pressure.
It was found that, after extraction in air, their optical
properties change with time at approximately the same
rate independently of x. However, the rate of change in
the properties proved to be extremely low in compari�
son with the data available in the literature [2]. In
order to explain these differences, we have restricted
ourselves to a detailed study of one type of hydrofuller�
ite, namely, C60Hx with the hydrogen content x ≅ 42.
An attempt has also been made to understand what is
the cause of changes in the properties of hydrofuller�

ites C60Hx in air, i.e., whether it is oxygen or water
vapor. 

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE 

The fullerite C60 was hydrogenated at a hydrogen
pressure of 30 ± 3 kbar and at a temperature of 450°C
for 10 h. The initial material was fullerene C60 with a
purity of 99.99%. After the vacuum sublimation at the
final stage of purification, C60 had the form of a pow�
der consisting of small single crystals and was ther�
mally unstable under the AlH3 pressure. Hydrogen was
released upon the decomposition of AlH3 under pres�
sure and infiltrated through a palladium foil separating
pellets of AlH3 and C60. This technique was described
in detail in [4]. The resulting product was brittle and
easily broken. After the removal from the reaction cell,
it had the form of a white powder, the largest particles
of which reached a few millimeters in size and were
transparent. The hydrogen content in the samples was
determined by the combustion in an oxygen flow and
the subsequent weighing of the combustion products
CO2 and H2O. In four tests, we obtained the hydrogen
content x = 41.7 ± 1.0. 

In order to measure IR transmission spectra of
powder samples, they were uniformly distributed using
a plastic spatula on a KBr or CaF2 substrate. The
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transmission spectra T(ν) at room temperature in the
spectral range of 600–5000 cm–1 were measured using
an IR microscope of the Fourier spectrometer with a
spatial resolution of 80 μm. Then, the optical density
D was calculated according to the formula D = –lnT.
From these spectra, we subtracted the monotonic
baseline determined by the reflection and scattering of
the light. For the measurement of IR transmission
spectra of water, it was placed between CaF2 plates
separated by a gap of approximately 5 μm. These spec�
tra were recorded in the region of optical transparency
of CaF2 at a frequency ν > 800 cm–1. 

For the measurement of transmission spectra in the
visible range, we dissolved samples in toluene and
measured optical transmission spectra of a thin layer of
the powder deposited on the walls of the cuvette after
evaporation of the toluene from it. The cuvette was
placed under a microscope objective and illuminated
from below with an incandescent lamp. The image
from the focal plane of the microscope was focused via
a system of mirrors onto the slit of the prism spec�
trograph. The relative aperture of the spectrograph was
1 : 3, and its dispersion varied from 24 nm/mm in the
blue region to 110 nm/mm in the red region. 

In the visible and IR ranges, we obtained not the
true transmission, but a combination of the transmis�
sion and scattering of the light. Therefore, we were
interested only in qualitative differences in the proper�
ties of the samples. 

Raman scattering was measured on a Dilor
Microdil spectrometer in backscattering geometry at
room temperature. The sample was placed in the focal
plane of the microscope, onto which the radiation
from a continuous wave He–Ne laser (wavelength
632.8 nm, power 1 mW) was focused into a spot with a
diameter of ~5 μm. The characteristic time of the
measurement of one spectrum was 1 h. The wavenum�
ber was known to within ±2 cm–1, and the spectral res�
olution—to within 7 cm–1. 

The X�ray diffraction measurements were carried
out on a Siemens D�500 diffractometer (CuK

α
 radia�

tion). The reference point on the C60H42 sample was
obtained by applying a small amount of the Al powder. 

3. EXPERIMENTAL RESULTS 

Figure 1 shows the optical density spectra: spec�
trum 1 corresponds to the C60H42 initial sample of
white color, and spectrum 2, to the sample yellowed
after the storage in the open air for six months. Spectra
1 and 2 are normalized so that the lines in the range of
1100–1500 cm–1 would have approximately the same
intensity. It can be seen that the coloring of the sam�
ples is accompanied by the appearance of an intense
broad absorption band with a maximum at approxi�
mately 3400 cm–1 and absorption lines with maxima at
1700 and 1010 cm–1 (indicated by arrows in Fig. 1). In

the range from 1900 to 2700 cm–1, there is no absorp�
tion line. 

For comparison, we observed the appearance of
absorption lines with maxima at 3400 and 1705 cm–1

in the spectrum of hydrogenated carbon nanotubes
stored in air for a few months. In the spectra of the ini�
tial nonhydrogenated carbon nanotubes stored in air
under the same conditions, these lines did not appear.
After annealing of the hydrogenated nanotubes at
120°C under vacuum at a residual pressure of approx�
imately 10–4 Pa for 1 h, the absorption lines previously
observed at 3400 and 1705 cm–1 disappeared. This
indicated that the hydrogenated carbon nanotubes
simply adsorbed water without the formation of new
chemical bonds. 

By assuming that the water is also absorbed in the
hydrofullerite C60H42, we attempted to remove it by
vacuum thermal annealing. However, the annealing at
120°C for 1 h did not lead to changes in the spectra.
The absorption lines observed at 3400 and 1705 cm–1

did not disappear even after the subsequent annealing
at 200°C for 2 h. Moreover, the samples, being yellow
in color before annealings, became brown, and the
intensities of the lines at 3400, 1700, and 1010 cm–1

increased. This result indicates that, in the case of the
hydrofullerite, the annealing leads not to the phys�
isorption of water but to the formation of C60–O–H
chemical bonds. 

A comparison of the absorption spectrum of water
(spectrum 3 in Fig. 1) with the spectrum of the C60H42

sample stored in the open air for six months (spectrum
2 in Fig. 1) demonstrates that, in both spectra, there is
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Fig. 1. Optical density spectra of C60H42: (1) initial sam�
ple, (2) sample after the storage in the open air for six
months, and (3) optical density spectrum of the H2O film
with a thickness of ~5 µm. The horizontal dashed lines
indicate the zero values on the ordinate axis for spectra 2
and 3. 
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an absorption line with a maximum at 3400 cm–1 due
to the stretching vibrations of the O–H bonds. The
half�width of this line in the spectrum of the C60H42

sample (150 cm–1) is somewhat less than that in the
spectrum of the water (200–250 cm–1). The absorp�
tion line at 1700 cm–1 is attributed to the bending
vibrations of the O–H bonds. A similar line in the
spectrum of the water is located at approximately
1635 cm–1. Moreover, in the spectrum of the water,
there is an intense broad absorption band (spectrum 3
in Fig. 1) with a maximum at approximately 600 cm–1,
which is assigned to librational vibrations of water
molecules [5]. Librational vibrations are different
types of motions of water molecules with respect to
each other. The spectrum of the hydrofullerite, in
which the C–O–H bonds were revealed after the stor�
age in the open air, does not contain lines correspond�
ing to librational vibrations of water; i.e., in our sam�
ple, there are no aggregates of water molecules. More�
over, in the spectrum of the C60H42 sample after the
storage in the open air, there appeared an absorption
line at 1010 cm–1. In our opinion, this band corre�
sponds to stretching vibrations of the OH groups with
respect to C60. This assignment is confirmed, for
example, by the spectrum of methanol [6]. 

Figure 2 shows the region of C–H and O–H
stretching vibrations in the IR absorption spectra of
the initial samples (spectrum 1) and the samples stored
in a desiccator for about one year and yellowed from
the surface (spectrum 2). Spectrum 3 was measured
on the C60H42 sample yellowed after the storage in the
open air for six months. 

It is essential that, after grinding in an agate mortar,
the yellowed samples transformed into a white powder.
Therefore, their main volume did not react with air.

The rate of propagation of this reaction deep into the
sample can be visually estimated as 2 μm per year. 

The absorption lines of C–H vibrations in spec�
trum 1 are relatively narrow. These lines are well
approximated by five Lorentzians (shown by dashed
lines in Fig. 2). They have the following positions of
the maxima and the half�widths (given in parenthe�
ses): 2791 (11), 2831 (40), 2855 (25), 2908 (20), and
2918 (30) cm–1. 

The yellowing of the surface led only to a broaden�
ing of the lines and to a change in the intensity of their
components (spectrum 2 in Fig. 2). In spectrum 2 of
the sample stored in the desiccator, we did not reveal
new absorption lines or the disappearance of lines typ�
ical of the C60H42 initial sample. In contrast to spec�
trum 3 of the sample stored in the open air for six
months, spectrum 2 does not contain the absorption
line at 3400 cm–1, which corresponds to the O–H
vibrations. Although the O–H vibrations did not man�
ifest themselves in spectrum 2 in Fig. 2, the yellow
color of the C60H42 sample indicated that the C60H42

compound was also oxidized in a dry air (the silica gel
of the desiccator absorbed water vapor). However, the
oxidation is more efficient in air due to the presence of
water vapor (spectrum 3 in Fig. 2). 

The Raman spectra (Fig. 3) changed more signifi�
cantly than the IR spectra. After the storage in the
open air for one month, the color of the C60H42 sample
remained white, but the intensity of the pedestal,
against the background of which we observed lines of
molecular vibrations (see inset in Fig. 3), increased by
one order of magnitude. After the storage for six
months, the intensity of the pedestal further increased
by one order of magnitude and, on this background,
we already could not reveal vibrations of C–H bonds.
As in the IR spectra, the Raman lines corresponding to
C–H stretching vibrations become broadened with an
increase in the time of storage of the sample in the
open air. After one month of storage, the broadening
of the lines was approximately 30%. 

Undoubtedly, the increase in the intensity of the
pedestal was caused by the luminescence on the back�
ground of which the Raman spectrum was measured.
A necessary condition for the appearance of lumines�
cence is the occurrence of electronic transitions in the
region which there is radiation from the exciting laser
(in our case, it is the He–Ne laser with λ = 632.8 nm).
Therefore, we measured the light transmission spectra
(T) in the visible range. These spectra are presented in
Fig. 4 in the form of spectra of the optical density D =
–lnT. The spectrum of the fullerite C60 (see, for exam�
ple, [7]) differs from the spectrum of the C60H42 initial
sample, which in this spectral range is also transparent
(spectrum 1 in Fig. 4). This is consistent with the
results obtained in [2], where it was shown that, in the
visible range, the absorption lines typical of the spec�
trum of the fullerite C60 completely disappear in the
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Fig. 2. Optical density spectra of C60H42: (1) initial sam�
ple, (2) sample with the surface yellowed after the storage
in a desiccator for one year, and (3) sample after the storage
in the open air for six months. 
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spectrum of C60H36. There remains only the absorp�
tion line at 217 nm, whose tail extends into the visible
range of the spectrum. We assume that the absence of
absorption in the C60H36 initial samples and the
C60H42 samples studied in our work is associated with
the filling of the lower unoccupied molecular orbitals
(LUMO) due to the partial electron transfer from
hydrogen to C60. The interaction of C60H42 with atmo�
spheric air leads to the appearance of structureless
absorption, which increases monotonically with an
increase in the photon energy (spectrum 2 in Fig. 4). It
is this absorption that is responsible for the change of
the white color of the C60H42 samples to yellow during
the storage in air, as well as for the appearance of lumi�
nescence of these samples in the Raman spectra. The
luminescence intensity correlates with the reacted
fraction of the sample. 

By comparing the spectra of the C60Hx samples
stored in the open air and in the desiccator (Fig. 2), we
assumed that the observed changes in their properties
are due to the reaction of the samples both with atmo�
spheric oxygen and with water vapor. In order to verify
this hypothesis, we divided the initial sample into two
parts. One part was placed in distilled water, whereas
the other part was left in air. Under these conditions,
the samples were kept at room temperature for one
month. As a result, both parts of the sample remained
white. However, the measurement of the Raman spec�
trum showed that the ratio of the integrated intensity
of C–H vibrations to the intensity level of the pedestal
I/Ibg decreased by a factor of five (±10%) in both sam�

ples due to the increase in the luminescence intensity
by approximately one order of magnitude. The rate of
“aging” of the sample placed in the water (I/Ibg = 4.6 ±
0.4) was slightly less than that of the sample exposed to
air (I/Ibg = 4.9 ± 0.3), but the difference did not exceed
the measurement error. 

It is known that the properties of the water differ
from the properties of the water vapor. At room tem�
perature, water molecules are joined by hydrogen
bonds into clusters. Moreover, there is a small amount
of water molecules dissociated into H+ and OH– ions.
In water vapor, there are individual H2O molecules
and very small clusters. That is why the IR spectrum of
the water exhibits a broad structureless line corre�
sponding to O–H vibrations, in contrast to the set of
narrow lines of the water vapor. The experiment with
the sample placed in water demonstrated that the
changes in the properties of the C60H42 compound
stored in air are caused by the surface adsorption and
diffusion of both the oxygen and water molecules deep
into the C60H42 particles. The diffusing molecules
enter into the chemical reaction with hydrofullerite
molecules. The rate of diffusion of the molecules into
the studied samples is very low. 

The X�ray diffraction pattern of C60H42 (Fig. 5) is
indexed in terms of the body�centered cubic lattice of
the C60 molecules. Since the intensity and, conse�
quently, the position and shape of the reflections are
affected by the form factor of the C60 cage, we did not
perform the profile analysis of the X�ray diffraction
pattern, but estimated the unit cell parameter from the
positions of the strongest peaks (110) and (211): a0 =
11.95 ± 0.05 Å. The transparency of C60H42 particles
made it possible to measure the Laue pattern of a sep�
arate plate with sizes of approximately 0.5 mm. The
obtained X�ray diffraction pattern represented an ideal

Fig. 3. Raman spectra of the C60H42 compound. Crosses
indicate the spectrum of the C60H42 initial sample in the
region of C–H stretching vibrations. The solid line repre�
sents the result of fitting this spectrum by five Lorentzians
(dashed lines). The inset shows the Raman spectra with
luminescence for the initial sample (spectrum 1) and the
sample stored in air for one month (spectrum 2). 
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Fig. 4. Transmission spectra of C60H42 in the visible range:
(1) as�prepared sample and (2) sample after the storage in
the open air for one year. 
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powder diffraction pattern with a uniform distribution
of the intensity along the diffraction rings; i.e., the
synthesized hydrofullerite appeared to be an isotropic
fine�grained polycrystal. 

4. DISCUSSION OF THE RESULTS 

We have undertaken the investigation of the
“aging” of C60Hx compounds during their storage in
air due to the fact that there are published works deal�
ing with the study of as if the hydrofullerite, but, actu�
ally C60HxOy. For example, in the IR spectra [8], there
is an absorption line at approximately 1700 cm–1 (cor�
responding to the O–H bending vibrations), whose
intensity does not correlate with the hydrogen content
in the sample, but correlates with an increase in the
absorption near 3200 cm–1, which, in our opinion, is
the low�energy wing of the absorption line associated
with the O–H stretching vibrations at 3400 cm–1. 

We studied hydrofullerites that are fine�grained
polycrystals without discontinuities. This makes it
possible to explain the significant differences in the
processes of oxidation of the C60H36 compound, which
was synthesized by the reduction of C60 with Zn/HCl
[1, 2] (the oxidation time was less than 1 h), and the
C60Hx compounds hydrogenated under a high hydro�
gen pressure (the oxidation rate was approximately
2 μm per year). Cataldo [2] investigated the interac�
tion of air or ozone with C60H36 hydrofullerene mole�
cules in a solution or in the form of a dried powder,
actually a powder with a large ratio of the surface area
to the volume. Naturally, the interaction of C60H36 in
the form of molecules or a fine powder with air com�
ponents is much more efficient than the interaction
with polycrystals without discontinuities, when the

diffusion of O2 or H2O molecules into the crystal is
hindered. It has long been known that diffusion of
molecules into fullerite is possible. The octahedral
pores of fullerite C60 with a face�centered cubic lattice
can accommodate molecules whose sizes do not
exceed 4.1 Å [9]. 

The data presented in this paper suggest that the
diffusion of oxygen and, apparently, water vapor into
C60H42 single crystals is the cause of changes in their
vibrational and electronic properties. The efficiency of
the interaction of air components with C60H42 poly�
crystals without discontinuities is many orders of mag�
nitude less than that with molecules or a loose powder
of C60H36 studied in [2]. 

5. CONCLUSIONS 

The hydrofullerite C60H42 was synthesized at high
hydrogen pressures. The product of the synthesis is a
colorless or transparent isotropic fine�grained poly�
crystal with the body�centered cubic lattice and the
unit cell parameter a0 = 11.95 ± 0.05 Å. 

Under ambient conditions, the hydrofullerite
C60H42 and other C60Hx compounds with 36 ≤ x ≤ 60
are oxidized and transform into C60HxOy. This causes
the appearance of absorption lines that are character�
istic of O–H bond vibrations in the IR and Raman
spectra and structureless absorption bands in the visi�
ble spectral range. As a result, the samples become yel�
low in color at the initial stage. The oxidation of C60Hx

hydrofullerites synthesized at a high hydrogen pressure
is many orders of magnitude slower than the oxidation
of C60H36 molecules synthesized by the reduction with
Zn/HCl [2]. This is explained by the fact that the
hydrogenation at a high hydrogen pressure results in
the formation of polycrystals without discontinuities
in contrast to the method used in [2]. The rate of dif�
fusion of air components deep into the crystal and,
accordingly, the oxidation of C60Hx is approximately
equal to 2 μm per year in contrast to 1 h for the molec�
ular hydrofullerite C60H36 or its fine powder produced
using chemical reactions [2]. 

The results of the performed experiments demon�
strated that the oxidation of C60Hx under ambient
conditions is caused by the molecular oxygen and
water vapor. 

It should be noted that the Raman method proved
to be more sensitive to the oxidation of C60Hx than the
IR absorption method: the pedestal in the Raman
spectrum, which is determined by luminescence, indi�
cates variations in the properties of C60Hx upon the
interaction with air already in the initial stage of the
oxidation. 
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