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Synthesis and properties of crystalline fullerene hydrides
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The interaction of crystalline fullerene Cgq with highly pure hydrogen, which was evaolved
from hydrides of intermetallic compounds of rear-earth metals and nickel, was studied.
Crystalline fullerene hydrides containing from 10 to 30 hydrogen atoms per fullerene
molecule were synthesized (1.0-—-2.5 MPa and 300—673 K). Crystalline hydndes release
hydrogen at 800 K with retention of the structure of the fullerene molecule.
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The properties of fullerene hydrides have not been
adequately studied although the possibility of their use
for accumulation and storage of hydrogen has been
reported in the literature.~3 Several procedures for the
preparation of fullerene hydrides are known.3 Previ-
ously,4 it has been demonstrated that direct noncatalytic
hydrogenation of fullerene Cgy proceeded efficiently
only at very high pressure (50—85 MPa).

We have studied the possibility of hydrogenation of
solid fullerenes with gaseous hydrogen under relatively
mild conditions (1.0—~2.5 MPa and 573—673 K) in the
presence of hydnde-forming metals or intermetallic com-
pounds.’—¢ The presence of metallic components favors
activation of molecular hydrogen and its spillover at the
double bonds of fullerenes. However, hydrogenation of
these compositions is of little use for the preparative
synthesis of fullerene hydrides because it is very difficult
to isolate the target compounds from mixtures with
hydrides of metals or intermetallic compounds. Besides,
studies of chemical conversions in fullerite—metal
phase—hydrogen systems demonstrated that a slight in-
crease in the temperature of evolution of hydrogen can
induce the formation of carbide.?

In this work, we report the results of studies of
hydrogenation of crystalline fullerene Cqy with hydrogen
evolved from hydrides of intermetallic compounds, which
do not come in direct contact with fullerenes. Unlike
commercial H,, hydrogen obtained by the above proce-
dure does not contain oxygen-containing impurities,
which often retard processes with the participation of
molecular hydrogen, in particular, hydrogenation of
metals and alloys.

Experimental

We used crystalline fullerene Cgq (purity 99.8 wt.%), which
was characterized by IR and UV spectroscopy and X-ray
diffraction analysis. Laboratory accumulators based on
hydrides of intermetallic compounds LaNis, Lag75Ceq ,5Nis,
Lag 75REq 5sNis, and Lag¢7REq 33Nis (RE is a commercial
mixture of rare-earth metals) were used as the source of
hydrogen.3

Hydrogenation of fullerene was carried out at 1.0—2.5 MPa
and 300—673 K using a standard high-pressure apparatus. The
temperature was controlled with an accuracy of 110 °C. The
pressure was maintained with an accuracy of 10.02 MPa.
Samples were degassed at 500 K in vacuo (~1 Pa). Hydrogen
was accumulated in a reaction autoclave at 573—673 K by
heating a metallohydride accumulator to 373 K. To enhance
the efficiency, hydrogenation was carried out in the cyclic
thermal mode. The sample was heated to 673 K under a
hydrogen pressure and kept at this temperature for 1 h. Then
the reaction mixture was cooled to room temperature, and the
cycle was repeated. After three cycles, hydrogen was renewed
by replacing it with a fresh portion from the metallohydride
accumulator. This mode of hydrogenation was repeated no less
than five times due to which the process proceeded more
completely and samples with a homogeneous distribution of
hydrogen throughout the volume were obtained.

The samples were unloaded under an inert atmosphere
after cooling of the autoclave to 300 K. The IR absorption
spectra were recorded on Specord 75 IR and Perkin—Elmer
1600 spectrometers. The samples for [R studies were prepared
as KBr pellets (2 mg of the sample under study per 300 mg of
KBr). The magnetic characteristics of the initial and final
samples were determined using a M 4500 (EG&G PARC)
vibration magnetometer. The thermogravimetric analysis of the
samples was performed on Q-1000 and C-1500 derivatographs
under an atmosphere of argon with heating at a rate of 10
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K min~!. The temperature of the endothermic effects was
detected from the position of the minimum on the DTA curve.
The X-ray diffraction patterns were obtained on an ADP-1
diffractometer (Cu-Ka radiation). The hydrogen content was
determined by combustion of samples under a stream of
oxygen using an apparatus for semimicroanalysis of organic
compounds.

Results and Discussion

Hydrogenation of crystalline fullerene afforded crys-
talline fullerene hydrides containing from 10 to 30 hy-
drogen atoms per fullerene molecule. The hydrogen
content increased as the number of “heating to 673 K —
cooling to 300 K" cycles and the rate of replacement of
hydrogen in the reactor were increased. Apparently, this
is associated with the removal of trace amounts of
impurities, in particular, of oxygen and a water vapor,
which were evolved from fullerene in the process under
consideration.

The typical IR spectra of hydrogenated and deuterated
fullerenes are shown in Fig. |. In the spectrum of
fullerene hydrides, absorption bands typical of the initial
fullerene Cgq (527, 577, 1182, and 1428 cm™!) are absent.
The spectra of the samples of hydrides under study have
rather intense absorption bands in the region of 2800—
3000 cm™!, which correspond to stretching vibrations of
C—H bonds. In the case of deuterides, a broad band
appears in the region of 20502200 ¢cm™!. This band is
assigned to C—D stretching vibrations. Broad absorption
bands at ~1620 cm™! are associated with vibrations of
water molecules adsorbed by a KBr powder upon its
grinding. The IR spectrum in the region of C—H stretch-
ing vibrations (2927, 2895, and 2848 cm™!) (Fig. 2) dif-
fers from the spectrum of hydride CgoH1¢, which contains
three absorption bands with approximately equal intensi-
ties at 2910, 2850, and 2830 cm™1.10-12

X-ray diffraction analysis demonstrated that hydrides
and deuterides of fullerene were homogeneous systems
with the structures of the initial fullerene (Fig. 3). The
parameter of the face-centered cubic lattice increases
monotonically as the amount of hydrogen in fullerene
hydride increases (1.418, 1.430, and 1.455 nm for the
initial C¢g and for the CggH g and CggH,¢ compositions,
respectively).

The character of the IR spectra and the X-ray dif-
fraction patterns of the hydrogenated samples and the
absence of the typical red-brown color of fullerenes in a
toluene solution suggest that fullerene reacted virtually
completely with hydrogen.

When the synthesized fullerene hydrides were heated,
a pronounced endothermic effect and gas evolution were
observed at 800 K. The weight was gradually decreased
at T> 900 K. The amount of the gas removed at 800 K
(2.7—3.8 wt.%) virtually coincided with the amount of
hydrogen in the initial hydride. This effect corresponds
to decomposition of fullerene hydride accompanied by
evolution of gaseous hydrogen, which agrees with the
result obtained by us for hydrogenated fullerene—metat
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Fig. 1. IR spectra of fullerene hydride (/) and fullerene
deuteride (2).
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Fig. 2. Fragment of the [R spectrum of fullerene hydride in
the region of stretching C—H vibrations. The Gaussian func-
tions, the sum of which describes best the profile of absorption
band, are indicated by dashed lines.
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Fig. 3. X-ray diffraction powder pattems of fullerene deuteride
CgoD, (1) and the initial fullerene Cgq (2).

compositions™7 and with the published data on decom-
position of fullerene hydrides.!»3 A gradual decrease in
the weight at a temperature higher than 900 K is associ-
ated with sublimation of fullerene. The shape of this
region is similar to the portion of the thermogravimetric
curve of the initial fullerene.



Synthesis and properties of crystalline fullerene hydrides

Russ.Chem. Bull., Yol. 47, No. 10, October, 1998

2039

s /
g
2
g L
=
8
[ .
&
L e 1 - 1 i
3000 2000 1600 v/cm™!

Fig. 4. IR spectrum of the product of decomposition of
fullerene hydride at 800 K. Absorption bands corresponding to
vibrations of atoms of the Cgy molecule are marked with
asterisks.

In the IR spectrum of the product of decomposition
of fullerene hydride at 800 K (Fig. 4), absorption bands
at 527.0, 576.8, 1182.4, and 1428.4 cm™! are clearly
seen. The positions of these bands virtually coincide
with those of absorption bands observed in the spectrum
of solid fullerene Cgy. In addition, the spectrum has
absorption bands at 552.6, 562.2, 712.2, 766.4, 796.8,
879.8, 1352.5, 1384.5, and 1539.8 cm™!. Some of these
bands are similar to absorption bands observed in the
spectrum of photopolymerized Cg containing four-mem-
bered carbon rings between fullerene molecules.!3 The
X-ray diffraction pattern of the dehydrogenation prod-
uct is similar to that of the initial fullerene. These
samples are soluble in toluene. The samples dehydroge-
nated at 800 K were repeatedly hydrogenated with hy-
drogen from a metallohydride accumulator to form
fullerene hydrides. Therefore, it can be assumed that the
reaction is reversible

Coo + xHy  F=F  CgoHpy.

Studies of the magnetic properties of hydrogenated
samples of fullerene demonstrated that they contained a
ferromagnetic phase. The presence of this phase can be
explained by the fact that the stream of hydrogen evolved
from the metallohydride accumulator can carry away
microimpurities of metal or metallohydride particles.
For hydrides of intermetallic compounds LaNis,
Lag 75Ceg 2sNis, Lag 7sREqz5Nis, and Lag 67REq 33Nis;,
metallic nickel (according to magnetic measurements,
its amount in the hydride was ~0.2 wt.%) may occur as
such ferromagnetic phase. However, the fact that
fullerene hydride and other derivatives of fullerene can
exhibit ferromagnetic properties must not be ruled out
(see, for example, Ref. 14).

The metallohydride procedure for the preparation of
highly pure hydrogen3? is based on the ability of a
number of intermetallic compounds to reversibly and
selectively absorb substantial amounts of hydrogen ac-
cording to the reaction:

Pabs Tabs
A
————

Paes: 'des

RT, + xH, AT,Hy + Q,

where R is a rare-earth metal, Ti, or Mg; T is a 3d metal;
n = 1-75; and Qis the heat effect. The equilibrium of this
reaction can be readily shifted by a slight change in the
Pressure (P,us > Pyes) OF in the temperature (T < Tye)
of the systemn. Hydrogen evolved from hydride phases
contained no more than 0.0001% of gaseous impurities.
Processes with the participation of hydrogen released by
hydride phases often proceed more efficiently than pro-
cesses with the participation of hydrogen from alternative
sources. For example, when type A hydrogen (according
to the certificate H, > 99.99%, O, < 0.01%, and water
vapor <0.2 g m™?) or type B high-quality hydrogen (ac-
cording to the certificate H; > 99.95%, total amount of
accompanying gases (O,, N,, CH,, CO, CO,, er)
< 0.05%, and water vapor < 0.2 g m™3) was used, hydro-
genation of fullerene did not occur under the above-
mentioned conditions. Oxygen-containing impurities,
which inhibit processes of hydrogenation with molecular
hydrogen, are absent in hydrogen released by hydrdes of
intermetallides. Moreover, when intermetallides are used
as the source of hydrogen, the gascous phase contains
catalytically active particles. This can explain the effi-
ciency of hydrogen supplied by intermetallic compounds.
The presence of these microimpurities agrees with the
fact that samples of hydrogenated fullerenes exhibit ferro-
magnetic properties. The absence of oxygen-containing
impurities and the presence of microimpurities of cata-
lysts can substantially decrease the activation energy of
the process, increase both the reaction rate and the
degree of conversion of the substrate, and decrease the
initial temperature of the reaction. Solid fullerenes gener-
ally contain substantial amounts of oxygen. In the case of
hydrogenation of solid fullerenes, oxygen chemisorbed by
fullerenes can be more readily removed (apparently, as
water vapor and/or as metal oxides) by hydrogen contain-
ing microimpurities of catalytically active metal com-
pounds.

Therefore, upon interaction of solid fullerene with
hydrogen from a metallohydride accumulator based on
hydrides of intermetallic compounds of rare-earth metals
and nickel, hydrogenation of C=C double bonds of
fullerene molecules occurs under substantially milder
conditions. The nature of this phenomenon remains un-
clear and calls for further investigation. The persistence of
the structure of fullerene molecules upon thermat decom-
position of hydrides accompanied by release of hydrogen
and the ability of fullerenes to repeatedly interact with
hydrogen show promise for realization of the multicyclic
hydrogenation—dchydrogenation procedure.
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The role of hydrogen atoms in CIDNP effects in the
reaction of diisobutylaluminum hydride with CCl,
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[ntegral polarization of chloroform, methylene dichloride, and pentachloroethane was
observed in the 'H NMR spectra during the exothermal reaction of a I M solution of
Bui,AlH in 1,4-dioxane with CCl,. CIDNP was shown to appear in the diffusion radical pair
of the hydrogen atom and trichloromethy! radical.

Key words: CIDNP, hydrogen atom, trichloromethyl radical, radical reaction,
diisobutylaluminum hydride, carbon tetrachlonde.

We have shown previously! that during the reactions
of trialkylalkanes with CCl,, chemically induced dy-
namic nuclear polarization (CIDNP) appears in the
radical pair (RP) of alkyl and trichloromethyl radicals.
When R;Al is replaced by R;AlH, the formation of RP
consisting of the H atom and " CCl, should be expected,
because the Al—H bond is the most active. Examples of
CIDNP involving H atoms are known in radiation chem-
istry 2

Results and Discussion

During the fast exothermal reaction of an 1 M solu-
tion of Bul,AlH in dioxane-dg with an equivalent or
higher quantity of CCl,, the detector of an 'H NMR
spectrometer shows negatively polarized signals of chlo-
roform and methylene dichloride with chemical shifts at
7.53 and 5.3 ppm, respectively, in the spectrum of the
reaction mixture (Fig. [). In addition, a positively po-
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