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One- or two-step reactions of potassium and rubidium fullerides with composition M;Cg,
(M = K, Rb; k = 3—6) and K¢Cgqy + m K mixtures (m = 1, 3) with anhydrous salts M "Cly
(M” = La, Pr, Nd, Sm, Gd, Tb, Yb, Lu, Y, Sc) and Ybl, in a toluene—THF medium afforded
heterometallic fullerides M;_,M",Cqq (n = 1—3). Among these compounds, substituted
fullerides with composition MM 'Cqq (M” = Yb, Lu, Sc) display superconducting properties

with critical temperatures of 14—20 K.
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The insertion of metal atoms into voids of the lattice
of Cq fullerite leads to successive filling of the t;, elec-
tron sublevel of the fullerene molecule and gives rise to
fullerides possessing the superconducting properties. These
properties have been discovered for the first time in homo-
and heteronuclear trimetallic fullerides of heavy alkali
metals'—> with general composition MM ",Cy¢, (M = K,
Rb; M” = K, Rb, Cs) having three electrons in the t;,
sublevel of the fullerene molecule. These compounds crys-
tallize in the face-centered cubic (fcc) lattice.

It was hypothesized®7 that fullerides could regain their
superconducting properties upon transfer of more than
six electrons to the Cgy molecule, i.e., upon filling of the
next higher-lying t;, sublevel of the lowest unoccupied
MO of fullerene, and the rare-earth fullerides could take
on even unique superconducting properties.® These ex-
pectations were only partially realized. Among alkaline-
earth fullerides, the maximum superconducting transi-
tion temperature (8.4 K) was found for face-centered cu-
bic CasC¢y? (4, 7, and 5.3 K for body-centered cubic
StCe0,19 BagCe,1! and K;Ba;Cg,!2 respectively). In a
series of rare-earth fullerides, the maximum supercon-
ducting transition temperature is 12.5 K for La3*,C¢, 13
(6 and 8 K for orthorhombic Yb, 75Cq( 14 and Sm;Cg, 13
respectively). However, the superconducting transition
was not confirmed for Yb, 75Cq, ' and BagCg.1713 In the
studies, 1617 it was suggested that orthorhombic Ba,Cq,

serves as the superconducting phase in the Ba—Cg sys-
tem. The superconducting transition temperatures of these
compounds having different compositions and struc-
tures are lower than the lowest temperature found for
K;Cg (19 K).19

In the present study, we dealt with homo- and hetero-
metallic fullerides of scandium, yttrium, lanthanides, and
alkali metals, which were prepared by homogeneous-
heterogeneous redox reactions of potassium and rubidium
fullerides with lanthanide(111) chlorides and ytterbium (i)
iodide in a toluene—THF solution at 300—340 K.

Experimental

Toluene and THF were purified and dehydrated according
to standard procedures. Anhydrous chlorides M"Cl; (M” = La,
Pr, Nd, Sm, Gd, Tb, Yb, Lu, Y, Sc) were prepared by heating
the corresponding crystal hydrates in the presence of ammo-
nium chloride according to a known procedure;2® Ybl, was syn-
thesized by the reaction of ytterbium metal with iodine in THF?2!
and desolvated by heating in vacuo. Potassium and rubidium
fullerides were prepared by the reaction of a suspension of Cg¢ in
toluene with the calculated amount of the corresponding metal
at 120—130 °C according to a procedure described earlier.2?
The synthesis of the starting alkali fullerides, mixing of suspen-
sions of the fullerides with suspensions of M'Cl; or Ybl, in
THEF, the exchange reactions, and all intermediate operations
were carried out in vacuo in all-sealed evacuated devices equipped
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with a system of breakable glass valves and metallic anvils. Below,
one of procedures is exemplified by the synthesis of K,YbCgy.

Synthesis of K,YbC¢, from KsC¢y and YbCl;. A reactor 4
containing a suspension of KsCgy (0.25 g) in toluene (15 mL)
was sealed to a reactor B containing a suspension of YbCly
(0.076 g) in THF (10 mL). The system was evacuated and sealed
off from the vacuum line. Then all necessary operations associ-
ated with the replacement of the solvent, mixing of the reagents,
and removal of wastes were performed. Finally, the intermedi-
ate reactor B was sealed off. The mixture of the compounds in
the reactor A was kept in an oven at 75—85 °C for 15—20 days.
The suspension over the crimson-red solution was stirred at
regular intervals by shaking. After completion of the synthesis, a
special system was sealed to the reactor A. This system made it
possible to remove the solvent, dry the precipitate in vacuo, pack
the dry substance in tubes, and fill the system with helium (at
350—400 Torr) necessary for thermal exchange between a cryo-
stat and a sample in determining the superconducting prop-
erties.

Two-step procedure for the synthesis of K,YbCg. In the first
step, YbCg, was prepared by the reaction of K;C¢, with a sus-
pension of YbCl; in THF (10 mL). Then the calculated amount
of potassium metal was added.

The compounds synthesized according to the above-men-
tioned two procedures were found to have the same X-ray dif-
fraction patterns and electrophysical properties.

Other heterofullerides of rare-earth metals and alkali metals
were synthesized analogously.

The X-ray diffraction spectra of the compounds were re-
corded on a STADI/P (STOE) diffractometer (Cu-Ka radia-
tion) in vacuum-sealed glass capillaries. The structures of the
fullerides were refined using the GSAS program.23 The atomic
coordinates published in the study?4 were used as the starting
models. The background was approximated graphically and
refined using polynoms of different degrees. The occupancies
of the K atom positions were refined with fixed thermal pa-
rameters.

The 13C NMR spectra were recorded on a Bruker AC-200
spectrometer according to a single-pulse program (excitation
pulse duration was 4 us, the pulse interval was 2 s). The number
of accumulations was varied from 400 to 4000 depending on the
amount and composition of the compounds. The chemical shifts
in the 13C NMR spectra were determined relative to the signal
of Me,Si.

The superconducting transition temperatures in the fullerides
were determined by a standard low-frequency inductive method
from the temperature dependence of the magnetic susceptibility
in a temperature range of 4.2—300 K (accuracy of the determi-
nation of the transition temperature was *1 K) using the same
tubes as those used for NMR spectroscopy.

Results and Discussion

Heterofullerides of lanthanides and alkali metals were
synthesized on the assumption that the reactions (1)—(5)

Table 1. Tentative compositions and selected properties of heterofullerides of alkali metals and lanthanides

Spe- Composi- Tentative T./K Color of Electronic IBC NMR, &
cimen tion of the composition compound configuration
starting of hetero- of the
mixture? fulleride metal atom
1 5K+ ScCl; K,ScCyqp 14 Black 3d!4s2 190
2 5K+ YCl, K,YCqp — Black 4d15s2 189
3 6 K + LaCls K;LaCy — Black 5d!6s2 190 (br)
4 5K + LaCl, K,LaCq — Dark-brown 5d'6s? 216 (v.br)
5 5 K+ PrCly K,PrCq, —b Black 43540652 191
6 5 K + NdCl; K,NdCyq, — Black 41540652 187
7 5K+ SmCl, K,Sm3*Cy — Black 419540652 187
8 9K+ 3 GdCl3 Gd;Cqg — Black 4f75d16s2 194 (v.br)
9 5K+ GdCl; K,GdCyq, —b Black 4£75d'6s2 196 (v.br)
10 5K+ TbCl; K,TbCyg — Black 4195d%6s2 —¢
11 4 K + Ybl, K,YbZ Cy 15 Black 414540652 198
12 4 K + Ybl, K,Yb2 Cy 16.5 Black 414540652 193 (br.asymm)
13 4 Rb + YbI, Rb,Yb2*Cq, 14 Black 414540652 —¢
14 5K + YbCl, K,Yb3*Cq, 13 Black 414530652 196 (br.asymm)
15 5K+ YbCl; K,Yb3Cy 16 Black 414540652 —
16 5 Rb + YbCl; Rb,Yb3*Cq 22 Black 414540652 —¢
17 5 Rb + Ybl, Rb,Yb2*Cg 19 Black 414540652 —¢
18 5K+ 2Ybl, K,Yb2,Ce — Black 414540652 206
19 5 Na + YbCl, Na,Yb3*Cg, — Black 414540652 182
20 5 K + LuCl, K,LuCq, 20 Black 4f145d16s2 191

4 The number of K atoms per Cq, molecule.

b The compound contains a superconducting phase, but its amount is too small to allow us to determine
the superconducting transition temperature within the framework of the method used for measurements.

¢ Polymer.
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proceed. The reactions (1) and (3) involve two successive
steps.

K;Cgp + M'Cl; — ({[M"Cgg] + 3 KCI} +2K) —»
— K,M'Cg + 3 KCl (1)

KsCgy + M'Cl; — K,M'Cg, + 3 KCI )

K¢Cgo + 2 M'Cl; — ({[M",Cqol + 6 KCI} + K) —»
—» KM",Cg + 6 KCI 3)

{K¢Cgo + K} + 2 M'Cl; — KM",Cg + 6 KCI (4)
K4Cgo + Ybl, — K,YbCg + 2 KI )

Note. The values in braces and brackets indicate tentative com-
positions of the mixtures of fulleride with potassium chloride,
which formed in the intermediate step of the reaction and were
not isolated from the solution.

As in the earlier study,?5 alkali fulleride serves as a
reducing agent in these reactions, which indicates that
the bonds in this compound are of a radically different
kind from the purely ionic bond. Taking into account this
fact, the charges on the ytterbium atoms and the ionic
radii of lanthanides should be considered only as a distin-
guishing characteristic of the starting state of these atoms
(their charge in the halides). Estimation of the degree of
charge transfer in fullerides is beyond the scope of the
present study.

The bulk chemical compositions of selected com-
pounds synthesized in the present study and the results of
their investigation are given in Table 1. It can be seen that
only compounds synthesized by the reactions (1), (2),
and (5) possess superconducting properties. The tentative
composition of these compounds is MyM Cgy (M = K,
Rb; M”=Yb, Lu, Sc). This composition assumes that, on
the one hand, the fcc lattice is retained and, on the other
hand, the t;, sublevel of the fullerene molecule is only
partially filled, no more than five electrons being formally
transferred from the metal atoms.

The temperature dependences of the specific mag-
netic susceptibility (y) for potassium-ytterbium, rubidium-
ytterbium, and potassium-lutetium fullerides are shown
in Fig. 1, a—c. The critical temperatures (7,) of these
specimens were determined from the onset of supercon-
ductivity. Their specific magnetic susceptibilities are com-
parable to the value determined under analogous condi-
tions for individual K5Cg, i.e., the percentage of a super-
conducting phase in these specimens was at most 50%.
For potassium-containing heterofullerides, the maximum
T, (20 K) was observed for K,LuCg (see Fig. 1, ¢).

Unfortunately, it is presently impossible to unambigu-
ously answer the question of whether substances with com-
position M,M "Cg are individual compounds or the reac-
tions (1), (2), and (5) follow another path to form mix-
tures of phases with partially substituted superconducting
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Fig. 1. Temperature dependences of the specific magnetic sus-
ceptibility (x) for K,Yb?"Cq, (1) and K,Yb3TCqy (2) (a);
Rb,Yb2*Cg, (1) and Rb,Yb3*Cy; (2) (b); and K,LuCg (c).

fullerides K;Cq¢( (T, = 18—19 K) or Rb;Cq (T, = 28 K)
containing an impurity of lanthanide fullerides with un-
known compositions.

The broadline 13C NMR spectra of the compounds
are indicative of the presence of fulleride in the solid
phase (single line at & 188—190 typical of most com-
pounds of this class) and the absence of free fullerite in
the mixture of the products (8 144—145). Hence, it can
be reasoned that the fullerite introduced into the reaction
occurs completely in the bound state. However, the
fullerite can be both involved in fullerides and consumed
for the formation of polymer fullerite phases or X-ray
amorphous fulleride phases, whose presence is observed
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Fig. 2. Experimental (/, dotted line), calculated (7, solid line), and difference (2) X-ray diffraction patterns of specimen /1.

in X-ray diffraction patterns as a halo. A phase similar to
tripotassium fulleride and, depending on the composition
of the starting halide, potassium chloride or iodide were
observed as the major crystalline phases in the X-ray dif-
fraction patterns (Figs 2 and 3).

The parameter of the fcc lattice of fulleride K;Cqy,
which was prepared in the presence of toluene according
to a known procedure,?? (Table 2) appeared to be sub-
stantially larger than that published in the literature for the
fulleride synthesized by the gas-phase method (14.24 A).24
The refinement of occupancies of the cation positions in
this specimen by the Rietveld method gave the composi-
tion K, 4;,Cg similar to that calculated in the study?*
(K5 41C¢p), the superconducting transition temperature
(18 K) remaining unchanged. By contrast, fullerides,
which were prepared according to a procedure described
in the study?2 but with the use of the reactant ratios
K : Cg = (2—2.5) : 1, do not possess superconducting
properties. In the study,26 fullerite was synthesized by
pyrolysis of CgyD,4. Alkali heterofullerides characterized
by "expanded" fcc lattices were prepared by intercalation
from solutions in ammonia.?” In the latter case, no in-
crease in the superconducting transition temperature was

Table 2. Unit cell parameters (a) and occupancies of the octa-
hedral (8c) and tetrahedral (4b) sites in the structures of homo-
and heterofullerides of potassium and rare-earth metals

Specimen? a/A Occupancy  A,Cq® KHal?
of position wi.%
8c 4b
KiCeo [Kr41Ceol¢ 1424 0.8  0.81 S
KiCeo [Kp47Ceold  14.3110(5) 0.87 073 100 —
Ksz2+C60 (1n? 14.310(1) 1.26 0.75 88 12
KYb2*Cop (124 14226  —  — -
KszHCGO (157 14.336(2) 0.75 1.0 85 15
KoLu¥Cgo (200 14.2492) 075 0.7 87 13

@ The specimen number used in Table 1 is given in parentheses.
b Estimates of the weight contents of the phases are tentative
because of the presence of an amorphous impurity in the speci-
mens (A is the cation in fulleride).

¢ According to the published data.?4

4 Based on the results of the present study.

also observed in spite of an increase in the a parameter,

which is in contrast with the assumption made earlier?8:2

based on the linear dependence of 7, on a.
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Fig. 3. X-ray diffraction patterns of pure K;Cq, (a) and speci-
mens 15 (b), 11 (¢), and 12 (d).

The partial replacement of the K atoms, which occupy
the tetrahedral and octahedral voids of the lattice of the
fulleride structure, with rare-earth metals should be ac-
companied by redistribution of the intensities of reflec-
tions (in particular, for pairs of the reflections 111, 200
and 311, 222). However, it should be noted that the re-
sults of refinement of the occupancies of atomic positions
based on powder X-ray diffraction data cannot provide
unambiguous evidence of whether rare-earth metals are
involved or not in the heterofulleride structure.

The results of calculations of the occupancies of the 8¢
and 4b positions by metal atoms and the unit cell param-
eters of fullerides with composition K,M "Cg, are given
in Table 2. The occupancies of these positions for most
of the heterofullerides under study and for the above-
considered K;C¢, compound are lower than those ex-
pected for the stoichiometric compositions. At the same
time, the parameter of the cubic unit cell of the hetero-
metallic specimen 15 is even more increased compared
to the value published in the study?$ for tripotassium
fulleride. This fact can be attributable to an increase in
the occupancy of the tetrahedral site and, as a conse-
quence, to an increase in the size of the tetrahedral void.
However, the type of atoms inserted into this void is
not clear.

The most substantial changes in the occupancies of
the positions were observed in the specimen /1. The oc-
cupancy of the 8¢ position increased to 1.26 (calculated
for the K atoms) and the intensity of the 200 reflection
increased by a factor of more than two, the unit cell
parameter being the same and the occupancy of the
4p position being virtually unchanged. This result can be
attributable to the insertion of Yb atoms, which are sub-
stantially smaller than the K atoms, into the posi-
tion 1/4; 1/4; 1/4. In spite of the fact that the speci-
mens /7 and 72 were synthesized under similar condi-
tions, the X-ray diffraction pattern of the latter was sub-
stantially different. The parameter of the cubic unit cell
given in Table 2 is approximate and was calculated from
the interplanar distances of two reflections. Most likely,
the lattice of the fulleride 72 undergoes orthorhombic
distortion (one parameter is 14.23 A). This assumption is
supported by the difference in the half-widths of the re-
flections and the appearance of a large number of addi-
tional reflections compared to those observed for the cu-
bic phase.

The unit cell parameter of the specimen 20 is again
close to that of K, 4;Cgp. The distribution of the K atoms
over the octahedral and tetrahedral sites is virtually iden-
tical to that published in the literature, although the super-
conducting transition temperature for this specimen is
maximum in the series of the compounds under consider-
ation and is higher than that determined for K;Cq.

Therefore, analysis of the occupancies of the K atom
positions in the fullerides synthesized in the present study
demonstrates that rare-earth metals can be involved in
these compounds (most probably, in the octahedral sites).
This process is accompanied by redistribution of the cat-
ions in the voids of the lattice and, as a consequence, by
changes in the unit cell parameters and, in some cases, by
lowering of the symmetry of the starting cubic unit cell.
However, the available data did not allow us to estimate
the precise amount of the heteroatoms of rare-earth met-
als in the fulleride lattice. These data also leave unex-
plained the differences between, on the one hand, the
mechanisms of the reactions (1), (2), and (5) involving
the Yb, Lu, and Sc atoms and, on the other hand, the
mechanisms of the analogous reactions performed under
similar conditions but with the participation of other rare-
earth chlorides. The role of the inserted atoms in the
changes in the electrophysical properties of hetero-
fullerides remains unclear.

The main and evident difference between these metal
atoms and the atoms of other rare-earth metals used in
the present study is their electronic structure. The highest
superconducting transition temperatures were observed
for K,LuCg, in which the Lu atom has the 4f145d!6s2
configuration (7, = 20 K, r(Lu**) = 0.84 A), and
for isoelectronic K,Yb?*Cg, (average T, = 16 K,
r(Yb2") = 1.05 A), i.e., for fullerides in which the com-
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pletely filled 4f sublevel of the lanthanide atoms remains
unchanged.

In the case of the reaction of KsCg, with Yb3*Cls
(4f145d%s2, r(Yb3*) = 0.85 A), the possible involvement
of only one f electron in the bond formation, most likely,
changes the reaction mechanism and leads to the forma-
tion of partially (or weakly) substituted K;Cyy and X-ray
amorphous ytterbium fulleride. A further decrease in the
number of f electron causes even more substantial changes
in the composition of the reaction products. The reac-
tions of all other lanthanide salts listed in Table 1 with
K;5Cq afforded several compounds, but none of these
compounds crystallized in the fcc lattice with the param-
eter close to that of K;Cg,. Therefore, these reactions
were accompanied by even more substantial changes in
the pathways of the reactions (1) and (2) compared to
those observed in the reaction of KsCg, with Yb3*Cl;.

Heterofullerides involving the yttrium and lanthanum
atoms, which were prepared according to the above-de-
scribed procedure and have valence orbitals analogous to
those of the Lu atom (nd!ms?) but the unfilled f levels, do
not possess superconductivity. It is unlikely that this dif-
ference is associated exclusively with the difference in the
sizes of these metal ions, because the radius of the Y3* ion
(0.93 A) differs only slightly from those of the Yb and Lu
ions, and the radius of the La3" ion (1.15 A) is maximum
close (in the series of lanthanides) to that of the K* ion
(1.33 A). Potassium chloride was detected in the precipi-
tates remained after the synthesis. Reduction of halides
and the reaction of these metals with a carbon matrix are
beyond doubt. However, as mentioned above, the mecha-
nism of this reaction can differ from that of intercalation,
and the differences are, presumably, determined by higher
Lewis acidity of yttrium and lanthanum halides compared
to that of ytterbium and lutetium halides. Judging from
the shape and position of the resonance band in the
13C NMR spectra, virtually all compounds involving lan-
thanum are polymeric (see Table 1), i.e., the formation of
compounds with La—C covalent bonds is, apparently,
more typical of this element. At the same time, the posi-
tion and shape of the band in the 13C NMR spectrum of
the product of the reaction between KsCqq and YCl; are
identical to those in the spectrum of the starting penta-
potassium fulleride, i.e., this compound, unlike the La
derivative, is not polymeric, but it also does not possess
superconducting properties.

By contrast, the reaction of KsC¢, with anhydrous and
unsolvated ScCl;, which is characterized by the smallest
size of the metal ion (#(Sc3*) = 0.81 A) in the series of
Group IIIB metals, afforded a compound with tentative
composition K,ScCg, and 7, = 14 K. The analogous re-
action of K5C¢, with ScCl;-3MeCN was accompanied by
a partial change in the composition of the fulleride, as
evidenced by the fact that the 3C NMR spectrum has a
weak band at § 145, which can be assigned to free fullerite.

All the compounds formed in this case are dielectrics.
Hence it follows that the presence of a stronger base (com-
pared to THF) in a solution can change either the mecha-
nism of the exchange reaction or the structure of fulleride
through solvation of the metal ion, as exemplified by
(THF)K;Cg.3" Therefore, the smaller radii of the multi-
charged ions compared to those of the K™ and Rb™ ions
are, apparently, partially compensated by the transfer of
additional electrons to the fullerene molecule. However,
both the appearance of the superconducting properties of
heterofullerides and the value of T, depend on the nature
of these heteroatoms.

Although unexpected, the behavior of scandium in the
series of the reagents under consideration is explainable.
Many structural and chemical properties of scandium
compounds are close to those of lutetium compounds.
Some of these compounds are isomorphous. The appar-
ent difference between the electronic structure of the Sc3*
ion and the structures of the Y3* and La3* ions is associ-
ated with the fact that the Sc3* ion has neither valence d
electrons nor the low-lying completely filled d'? shell. In
the Yb2" and Lu3" atoms, the latter is shielded by the
compact f shell and, apparently, influences only slightly
the electrophysical properties of heterofullerides. If this is
the case, one would not expect all heterofullerides involv-
ing metals with the completely filled d shell, i.e., all post-
transition, late transition, and main-group metals, to ex-
hibit noticeable superconducting properties. Predictions
as to metals with the unfilled 3d shell and early main-
group metals having no d electrons are not so unam-
biguous.

In conclusion, it should be emphasized that the com-
positions of fullerides found in this study are tentative
because they are based exclusively on the stoichiometry of
the reactions, which could afford these compounds. Hence
it also follows that all the above-considered results and
conclusions refer only to compounds prepared by ex-
change reactions. One would expect that other properties,
including superconducting properties, will be imparted to
these compounds by varying the procedure for the syn-
thesis and taking into account the possibility of the exist-
ence of a wide homogeneity region for heterofullerides.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 02-03-
32575).
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