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Abstract
A series of 1:1 Cgg cycloaddition adducts, CggA (A = anthracene, butadiene,

cyclopentadiene, and methylcyclopentadiene), has been synthesized. The
products are cleanly separated and characterized by use of TGA, 1H-NMR, IR,
and mass spectrometry. Among these adducts, Cgp(methylcyclopentadiene)
showed the highest thermal stability and was doped with three equivalents of
rubidium. The resulting RbgCgo(MeCp) is a semiconductor but can be thermally
converted to the superconducting Rb3Cgo through a retro-Diels-Alder reaction. A
one-step doping process to prepare RbgCgg crystals has been developed. The
optimal doping condition occurs at ~300°C. High superconducting shielding
fractions: between 60 and 90% and sharp transition widths (AT;¢.90 between 4 and

0.7 K) were measured for these samples.
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1. Introduction

Ceg, a new allotrope of carbon, has attracted an intense amount of research
interest[1]. In the past three years, Cgo related materials have been shown to
exhibit many interesting solid state properties, including ferromagnetism[2],
photoconductivity[3], nonlinear optical behavior[4], and superconductivity[5].
Most of the superconducting compounds have the composition M3Cgg, where M is
an alkali metal[6]. The superconducting transition temperatures (T’s) range
from 2K to 33 K, depending on the cation size and the unit cell volume [5,7-12].
The spherical “superatom” Cgg leads to a close-packed (fce) cubic crystal structure
in both Cgg and M3Cgol6]. Based on the cubic structures and the recent four-probe
conductivity measurements, M3zCgo compounds are three-dimensional
superconductors[13]. In the case of one-dimensional and two-dimensional
organic superconductors, a highly ordered crystal structure is essential, and
superconductivity is often hampered or suppressed by anion disorder, as observed
in the (TMTSF)2Cl104 and B-(BEDT-TTF)2I2Br salts[14]. Cation disorder in the
M3C6¢ compounds, however, seems to have a negligible effect on
superconductivity. For example, K3 5Rb3 5Cgo with occupational disorder on the
cation sites gave a T, between the values of K3Cgp and Rb3Cgo[15], and RbCs2Cgp
with similar disorder was reported to give the highest T, (33 K) among the known
M3Cgg superconductors [10].

In addition to cation disorder, Cgg atoms undergo a rapid librational rachet
motion[16]. Although the rachet motion has been shown to slow down at low
temperature, static merohedral disorder in Cg is still present [17]. We set out to
prepare a series of Cgg adducts, where an organic molecule is added onto the Cgg
moiety. With a “handle” attached to Cgo moiety, the fast molecular rotation is

expected to slow down in the solid state. In this article, we present four Cgg



adducts, CgpA (A = anthracene, cyclopentadiene, methylcyclopentadiene and
butadiene) prepared via Diels-Alder reactions. The Cgo(methylcyclopentadiene)
compound showed the largest thermal stability among these compounds, and it
was doped with three equivalents of rubidium. The physical properties of the
resultant salt, RbgCgy(MeCp), were compared with that of the RbgCgp. Also
presented in the article is a comparison among three different approaches for the

synthesis of the superconducting Rb3zCgg salt.

2. Experimental

Ceo was extracted froin graphite soot (Strem Chemicals, Inc.) with toluene
and separated on a Norit A/silica gel column with toluene as the eluant [18]. Cggp
crystals were prepared from Cgg powders by use of sublimation procedures in the
presence of a He carrier gas [19]. A typical yield of the crystals was around 70%,
and the crystal sizes range from a few tenths of a millimeter to about 2 mm.
Doping of the Cgg crystals was carried out with three equivalents of rubidium in

sealed quartz ampoules which were assembled in an argon-filled dry box.

Synthesis of Cgp Adducts

Four 1:1 Cgp adducts have been prepared, i.e., Cgp(anthracene),
Cgo(cyclopentadiene), Cgo(methylcyclopentadiene), and Cgg(butadiene). The
synthesis and separation of Cgg(anthracene) has been described in the literature
[20]. Cgolcyclopentadiene) [21], [Cgo(Cp)], and Cgo(methylcyclopentadiene),
[Ceo(MeCp)], were prepared at room temperature with Cgg and freshly cracked Cp
or MeCp dimers according to a literature procedure [22]. The separation was
carried out on a silica gel column with hexane/methylene chloride as the eluant.

The Cgo(butadiene) was prepared by the reaction of Cgg and butadiene sulfone in a

quartz pressure tube in toluene at 100°C and 160 psi argon pressure. The product



was separated on a silica gel column with hexane/methylene chloride as the

eluant for the first time, followed by carbon disulfide as the eluant for the second

time.

ESR, AC Susceptibility and SQUID Measurements

ESR spectra were measured on an IBM ER-200 spectrometer (X-band, 9.4
GHz) with a TE;p2 rectangular cavity. AC susceptibility measuremenrts were
carried out on a Lake Shore 7221 AC susceptometer, and the SQUID
measurements were performed on a Quantum Design magnetometer. During a
SQUID measurement, T and transition width were determined by cooling the
sample in zero field, then by applying a field of 1 G at 5 K and recording data while

warming.

3. Results and Discussion
(A) Cgp Derivatives from Cycloaddition

The Cgp molecule was reported to undergo Diels-Alder cycloaddition [23].
The characterization of the Cgg adducts based on cycloaddition, however, was
hampered by the formation of multiply-substituted adducts as well as the facile
retro-Diels-Alder reactions [24]. Recently, several cycloadditions to Cgg have been
reported that have been stabilized against retro-Diels-Alder reactions {25-27]. We
found that by optimizing reaction conditions and Cgg/diene ratios, the 1:1 adducts
are the predominant species and can be isolated with use of column
chromatography. Cyclopentadiene [21] and methylcyclopentadiene react with Cgg
at room temperature, but a higher reaction temperature (~100°C) is required for
anthracene and 1,3-butadiene. Silica gel columns were used with either carbon
disulfide or hexane/methylene chloride as eluants. The unreacted Cgg was

removed as the first fraction (purple band) from the column and was identified by




its IR and UV-VIS spectra. The second fraction (brown band) was the desired
1:1 adduct. Typical yield of the 1:1 adducts ranged from 10 to 30%. Higher
adducts were clearly visible on the column, but are not characterized at present.
IR, UV-VIS, Mass spectrometry, 1H-NMR, and TGA (thermal gravimetric
analysis) were used to characterize the adducts. The observations of the parent
peak in mass spectra was usually difficult due to the facile retro-Diels-Alder
reactions[25]. Cgp, as well as the starting dienes, were usually observed in the
laser-desorption mass spectra of a clearly separated adduct [20). 1H-NMR and
TGA data were more informative and will be presented here.
The molecular structural models of the 1:1 Cgp adducts constructed with
MM2 force constants (Chem 3D-plus software, Cambridge Scientific Computing,
Inc.) are shown in Figure 1 (a) - (d).
--- Figure 1 (a-d) here --
As shown in Figure 1 (a), the planar anthracene molecule loses its aromaticity in
the central six-membered ring and adds onto the Cgg molecule through the
anthracene 9- and 10-carbon positions. The H-NMR spectrum of the
Ceolanthracene) adduct is shown in Figure 2.
--- Figure 2 here ---
The AsB3 patterns centered around § 7.83 and § 7.52 ppm are due to the aromatic
A and B protons (8 H’s). The sharp singlet from the methine protons (X) at & 5.89
ppm (2 H’s) compares closely to that of the methine protons of CgoHg
(3 5.93 ppm){28]. The results of the TGA of the 1:1 Cgo(anthracene) adduct are
shown in Figure 3.
--- Figure 3 here ---
The heating rate was 20°C/min with 5 °C resolution. The expected weight loss due
to one equivalent of anthracene sublimation from a 1:1 Cgo{anthracene) adduct is

19.84%. The observed weight loss was 19.97 %. Some decompositicn was
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observable at temperatures as low as ~110°C. The mid-point of the thermal
decomposition as indicated by the maximum in the derivative plot was 194°C. The
low decomposition onset is in agreement with the facile retro-Diels-Alder
reactions. This suggests that adjusting the reaction temperature shifts the
equilibrium position for the product distribution, with lower temperature favoring

the adduct, as expected from entropy arguments.
The molecular model of Cgg(butadiene) is shown in Figure 1 (b). The 1H-

NMR (in CSg with two drops of dg-THF') of the Cgp(butadiene) revealed a multiplet
at 8 7.1 ppm (2 H’s) which was assigned to the olefinic protons. The methylene
protons appeared at 6 4.15 ppm (doublet, J= 4.1 Hz, 4 H’s). Additional
confirmation of this assignment comes from the 1H-NMR (in CSg referenced to
dg-acetone) of Cgg(1,1,4,4-d4-butadiene) where all four methylene protons have
been replaced by deuterons. The olefinic protons appeared as a sharp singlet at &
7.1 ppm (2 H’s), and the resonance absorption at 4.15 ppm disappeared. The
symmetric nature of the 1H-NMR spectrum suggested that the butadiene
molecule is added to the Cgg moiety through the 6-6 ring junction.

The Cgo(cyclopentadiene) adduct has been reported in the literature [21]. Its
molecular model is shown in Figure 1 (c). The 1H-NMR (CDCl3) indicated a
singlet at 8 7.09 ppm (2 H’s, olefinic), a singlet at 8 4.51 ppm (2 H’s, methine), a
doublet at 8 3.45 ppm (1 H, J ~ 9.9 Hz, methylene bridgehead), and another doublet
at 3 2.52 ppm (1 H, J ~ 9.9 Hz, methylene bridgehead). All chemical shifts are
consistent with the literature values [21], but we did not observe the small
coupling (1.5 Hz) reported for the first two peaks. The NMR results are also
consistent with the proposed molecular structure, i.e., the cyclopentadiene is
added onto the Cgg through the 6-6 ring junction. The stability of the
Ceo(cyclopentadiene) adduct is indicated by the TGA results in Figure 4.

-- Figure 4 here ---
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The expected weight loss from a Cgg(cyclopentadiene) adduct due to loss of
cyclopentadiene is 8.40%. The observed total weight loss was 8.81%. The
decomposition onset temperature was ~ 90°C, which is consistent with the
reported decomposition at 95°C [21]. Also indicated in the weight loss derivative
plot of TGA results in Figure 4 is the multiple-step decomposition process. Four
local maxima, which indicate the decomposition mid-point temperatures, at ~100,
150, 210, and 275 °C were observed. The multiple maxima suggest that the
cyclopentadiene moiety undergoes fragmentation and loses Cj or C2 units in a
stepwise fashion but detailed mechanism awaits further studies.

The molecular model of Cgp(methylcyclopentadiene) is shown in Figure 1
(d). The 1H-NMR spectrum obtained in CSg containing two drops of CD2Cls is
shown in Figure 5.

--- Figure 5 here ---

The spectrum consists of the following absorptions: a broad singlet at § 6.68 ppm
(1 H, olefinic), two singlets at & 4.48 and 4.35 ppm, respectively (1 H each, methine
protons), two doublets at & 3.55 and 2.68 ppm, respectively (1 H each, J = 9.3 Hz,
methylene bridgehead protons), and a singlet at § 2.42 ppm (3 H’s, methyl
protons). The NMR spectrum supports the proposed molecular model and no
other isomer was observed. TGA of the Cgo(methylcyclopentadiene) adduct was
also carried out. The expected weight loss from methylcyclopentadiene
sublimation is 10.01%, and 10.60% was observed. The decomposition onset
temperature was ~160°C. Two local maxima indicating the decomposition mid-
points on the derivative plot were noted at 223 and 290°C, respectively. The
multiple maxima indicate that the methylcyclopentadiene moiety also undergoes
fragmentation during retro-Diels-Alder reaction, although at a higher

temperature and in a different manner than the Cgp(Cp) adduct.
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The thermal stability of the four aforementioned Cgg adducts is
summarized in Table I. The decomposition onset and mid-point temperatures
are both listed.

--- Table I here ---
Among the four Cgg adducts, Cgg(methylcyclopentadiene) gave the highest
decomposition onset temperature. Due to its relatively high thermal stability, we
carried out the alkali metal doping experiments described in the following

section.

(B) Doping of Cgg(methylcyclopentadiene)

In order to search for possible superconductivity in a Cgg derivative salt, a
doping experiment on Cgg(methylcyclopentadiene), Cgo(MeCp), was carried out.
Cgo(MeCp) were chosen because of its relative thermal stability. Powders of
Cgo(MeCp) were mixed with three equivalents of rubidium and heated to 150°C, or
10° below the decomposition onset temperature of Cgo(MeCp), for two days. The
resulting sample showed a clear ESR absorption. Results from line shape
deconvolution analysis indicated two unresolved components in the sample. The
broader line width component (28.5 G) consisted of 91% of the total integrated area
and the narrower line width component (15.2 G) consisted of the remaining 9%.
Temperature dependent ESR studies of the Rb doped Cgo(MeCp) sample between
500 and 4 K are shown in Figure 6.

-- Figure 6 here -
Between 350 and 10 K, both the overall peak-to-peak line width (AH) and the ESR
spin susceptibility (y) decrease with decreasing temperature. The decrease in j
with decreasing temperature between 350 and 100 K indicated a decrease in the
carrier density and a semiconducting behavior [29]. At temperatures below 100 K,

the line width leveled off at 1.5-2 G and the spin susceptibility showed a strong



rise. This behavior was Curie-Weiss and was caused by a minor paramagnetic
component in the sample. A reasonable explanation is that the Curie tail arises
from a minor component tentatively assigned as RbCgp(MeCp), and the major
component is RbaCgo(MeCp), which behaves as a semiconductor.

Between 350 and 450 K, the line widths vary slightly from 27 G to 30 G and
the relative spin susceptibilities scatter between 1.0 and 1.15. This behavior is
reminiscent of the Pauli paramagnetism of a metallic sample. Above 450 K
(177°C), which is higher than the Cgo(MeCp) decomposition onset temperature,
the spin susceptibility rises again. The increase in x at high temperature is likely
caused by the thermal decomposition of Cgo(MeCp). We tested the sample for
superconductivity after the high temperature ESR study and no sign of
superconductivity was detected in an AC susceptibility measurement down to 5 K.
For the high temperature ESR experiment, the sample had been heated above
200°C for an estimated two hours. In order to pursue the retro-Diels-Alder
reaction in the presence of rubidium metal, the Rb3Cgp(MeCp) sample was heated
at 250°C for 2 days. A clear superconduciing signal (15% shielding fraction at 5 K)
with an onset T, at ~22K was observed. The same sample was heated at 250°C for
five more days, and a stronger superconducting signal (21% shielding fraction at
5 K) was observed at a slightly higher onset temperature of 23 K. ESR analysis of
the superconducting sample revealed three components: 15 G (4 %), 32 G (31 %),
and 177 G (65 %). The compositions were calculated from the integrated area only
and do not necessarily represent the molar concentration of each phases. In
order to characterize this three-component mixture, a low temperature ESR study
was performed. The results are listed in Table II.

-- Table II here ---
As indicated in Table II, the broadest line (177 G) vanished quickly with

decreasing temperature. The behavior was semiconducting and could not
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account for the observed superconductivity. The 32 G phase became the
predominant phase at low temperature, and was assignable to the well known
superconducting Rb3gCgo phase. The assignment was reascnable because the
sample could contain carbonaceous impurities from the decomposition of
Ceo(MeCp), resulting in line width broadening (32 G) similar to that reported for
RbgCgp (22-32 G) from solution phase synthesis [30], which contained a small
amount of solvent impurities. The remaining component (15 G phase) was
ascribed to RbCgg or a small amount of undecomposed RbCgo(MeCp). The T of
the thermally decomposed Rb3Cgo(MeCp) was 23 K and lower than the purc
Rb3Cgg compound. The lowering of the T'; was likely caused by the impurities
from decomposition as it was previously reported in the oxide superconductors
[31].

At present, the doping experiment has been carried out only on Cgo(MeCp).
The semiconducting property of RbgCgo(MeCp) is likely caused by the inefficient
packing due to the bulky MeCp function group. Future studies will explore the
doping of other smaller Cg( derivatives so that the rachet motion of the spherical

Cgo can be slowed while attempting to obtain the efficient packing of the fec

structure.

(C) A Comparison Between Solution Phase and Vapor Phase Synthesis of RbgCgo

The synthesis of M3Cgo superconducting thin film and bulk material is
commonly done by use of the vapor phase doping procedure. A solution phase
synthesis was originally carried out in toluene where Cgg solution was allowed to
react with molten alkali metals [9, 32). An improved procedure by a change of
solvent from dry toluene to toluene plus 10%(vol) benzonitrile was published
recently [30]. The reaction scheme is shown as follows.

- Scheme I here ---
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In dry toluene, RbCgg precipitated upon the reduction of Cgg. Further reduction of
the solid RbCgg with molten rubidium was very slow. The isolated product was
mostly RbCgg with a small amount of RbgCgg and the superconducting shielding
fraction was below 7%. In toluene with 10% benzonitrile, the reduction of Cgog
became very efficient. The reaction scheme is outlined below.
- Scheme II here ---

Benzonitrile was reported as a redox catalyst in the literature [33, 34]. The PhCN
molecule received one electron from the rubidium metal and formed the PhCN
radical anion. The radical anion diffused through the bulk solution and
transferred its unpaired electron to Cg; even when the latter was far away from
the metal surface to form Cgg radical anion. The Cgg radical anion was soluble in
the polar solvent mixture and was further reduced to Cgg3— before it was
precipitated out. This process greatly improved the electron transfer rate between
Ceo and alkali metal. Superconducting shielding fractions up to 50% (measured
at 5 K without riemagnetization) were observed after two hours of reaction
time[30]. Variation of the amount of benzonitrile between 5 and 20% by volume did
not change the product distribution. Large amounts of benzonitrile, however,
resulted in the dissolution of Rb3gCgg and lowered the yvield. Replacing benzonitrile
with other organic solvents such as chlorobenzene or nitrobenzene, which had
similar dielectric constants, simply failed to generate the superconducting
material. This experiment further demonstrated the unique redox
characteristics of benzonitrile.

The advantage of the solution phase synthesis is twofold. Firstly, the
reaction is almost a homogeneous reaction and the intrinsic reaction rate is
much faster than that of the solid state reaction. The typical reaction time is two
hours, in sharp contrast to the days or weeks that are required by use of solid state

doping. The short reaction time also makes scaling-up easy. Secondly, the
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reaction temperature near 110°C, which is much lower than that required by the
vapor phase method, makes possible the interralation of the Cgg derivatives which
decompose at higher temperatures. The disadvantage of the solution phase
synthesis at present is the trapping of trace amount of organic solvents, which
lowers the quality of the samples.

Both solution [30] and vapor phase syntheses [15, 35] can yield samples with
high superconducting shielding fractions. However, due to the fine particle sizes,
the superconducting transition widths in these samples are quite broad. The
10-t0-90% superconducting transition widths (AT19.9¢) are typically larger than
10 K. Sharp transition widths (< 1 K) have previously only been observed in
resistivity measurements [13, 36]. We have developed a one-step process allowing
the production of RbgCgg crystals which show sharp inductive superconducting
transitions and high shielding fractions.

Cgo crystals were prepared by sublimation in the presence of a He carrier
gas. Typical crystal sizes range between a few tenths of a millimeter to ~2 mm.
Approximately 10 to 30 mg of Cgg crystals were accurately weighed and loaded
into 3 mm or 4 mm quartz tubes. Three equivalents of rubidium metal were
added to the tube in an argon filled dry box. These quartz tubes were then
evacuated to 10~2 torr and flame sealed. The sealed tubes were heated in a
furnace betweed: 200 and 450°C.

The initial doping process was monitored with the use of an ESR
spectrometer. The individual components can be estimated from the line shape
deconvolution analysis. Two major components, RbCgo and Rb3Cgg, are always
observed in these samples. The integrated ESR absorption of any specific phase is
correlated to its molar concentration according to the following equations:

ARbCgp = XRbCgp X [RbCego]
and ARb3Cgg = XRb3Cgp X [Rb3Ce0]



where A is the integrated absorption, i is the ESR spin susceptibility, and [RbCgg]
is the molar concentration of RbCgo. The ratio XRb3gCgo/XRbCgo Was previously
established to be ~1.62 [37], which was used to calculate the molar ratio of
Rb3Cgo/RbCgy in all samples.

Two samples were heated at 200 and 300°C, respectively, and monitored
after brief quenching to room temperature by use of ESR approximately every 20
hours. The formation of the RbCgg and Rb3Cg¢ phases as a function of heating
time is shown in Figure 7 (a, b).

--- Figure 7 (a, b) here ---

At 200°C, the growth rate for the RbCgg phase was much faster than that of the
RbgCgo phase. The observation was consistent with the recent report that RbCs¢ is
a stable line compound at temperatures above 433 K [38]. At 300°C, the initial
growth rate of the RbCg¢ phase was still faster, but the growth rate of the RbgCgo
phase was also significantly increased. The growth rates for both phases
suggested a possible cross-over. However, for longer doping time (> 4 days) the
ESR line widths became sharper for both phases. The 1:1 and 3:1 phases gave rise
to 5.5 G and 8 G line widths, respectively. As the difference between the two line
widths became smaller, and since the difference in g-values was always small,
the line shape deconvolution analysis became unstable because of high
correlations among the fitting parameters. No phase assignment could be made
with the room temperature ESR data under those conditious.

Another sample was heated at 400°C. After 1 day, the sample gave a strong
and narrow line width. The deconvolution analysis based on room temperature
ESR data did not give a stable refinement due to the narrow line width and highly
correlated refinement parameters. All samples were heated for a week before
taking the SQUID measurements. The samples heated at 200, 300 and 400°C gave
the following results (shielding fraction at 5 K, AT1¢.90): (12%, 4.4 K), (23.5%,



3.0 K), and (65%, 1.8 K), respectively. The shielding fractions were correlated to
the Rb3Cgg contents in the samples based on low temperature ESR analyses. The
details are published elsewhere [37]). In general, doping of Cgg crystals instead of
powders with three equivalents of rubidium gave much sharper transition widths
(AT 19.9¢ < 4 K). Higher doping temperatures gave rise to a higher
superconducting shielding fraction and a sharper transition width. However,
crystal exfoliation also increased with increasing doping temperature. Knowing
the general trend, we carried out another doping experiment with the largest
available Cgg crystals. About 7~8 large Cgg crystals (> 1 mm) were selected to be
doped with three equivalents of Rb at 300°C. After 6 days of doping, some
exfoliation on the crystal surface was still noticeable but most crystals remained
intact. The sample quality was very good based on its sharp transition width
(AT30.90 ~ 0.7 K) and high shielding fraction (> 90%). The X-ray diffraction on
these individual crystals gave relatively sharp diffraction maxima superimposed
upon noticeable complete powder rings. These crystals of RbgCgg were not single
but their quality was significantly better than that of compressed disks. A brief
comparison of the solution and vapor phase syntheses is summarized in Table
I11.
-- Table O1 here ---

4. Conclusion
Significant progress on the Cgg related chemistry has been made over the

past few yvears. In contrast to early speculations, the Cgp molecule is actually

quite reactive toward small molecules such as oxygen, halogens, borane, amines,

azides, dienes,...etc. [39]. The chemical and physical properties of these novel Cgp

derivatives will remain interesting to explore in the years to come.
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In addition to new Cgp superconductors with even higher T''s, there is a
need to develop a procedure for growing single crystals of M3Cgg for fundamental
studies. Direct vapor phase doping generates high quality samples but the
crystals are not single. Solution phase techniques such as reecrystallization or

electrocrystallization may offer a viabie route to single crystals in the future.
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Figure Captions

Figure 1

Figure 2
Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Idealized molecular structural models constructed with MM2 energy
minimization for Cgg(A) adducts, A = anthracene (a), butadiene, (b)
cyclopentadiene (c), and methylcyclopentadiene (d).

1H-NMR spectrum of the 1:1 Cgg(anthracene) adduct in CDoCl,.
Thermal gravimetric anaiysis (TGA) results on Cggo(anthracene)
showing the weight loss with increasing temperature and the

derivative of the weight loss,

TGA results on Cgg(cyclopentadiene) adduct showing the weight loss
and the multiple local maxima in the derivative weight loss plot.
1H-NMR spectrum of the Cgg(methylcyclopentadiene) adduct in CSg
referencad to CD2Cla.

Variable temperature ESR studies of RbgCgo(MeCp) with liquid He
cryostat for temperatures below 200 K and Ng temperature controller
for temperatures above 200 K, showing the temperature dependence
of the peak-to-peak line widths (triangles) and the relative spin

susceptibilities (squares).

The formation of RbCgg and Rb3Cgg phases during the doping of Cgp
crystals with three equivalents of rubidium at 200 (a) arnd 300°C (b).



Table I.
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based on TGA analyses

The decomposition onset and midpoint temperatures of Cgo adducts

Adduct Onset (°C) Midpoint (°C)
Ce60(Cp) 90 150
Ce0(butadiene) 100 168
C60(An) 110 194
Ce60(MeCp) 160 223
Table II Low temperature ESR results of the thermally decomposed

Rb3Cgo(MeCp) indicating three components

Temperature | RbCg0(MeCp) Rb3Ce0 Other phase | Ra
K or RbCg0
296 148G 323G 177 G 21 %
4 %) (31 %) (65 %)
200 51G 8G 29 G 2.9 %
(15 %) (45 %) (40 %)
100 23G 54G - 7.5 %
(45 %) (55 %)
60 1.8G 3.0G -~ 8.4 %
(44 %) (56 %)

aRefinement agreement factor of fit: R = 100%(Z l1obs — calcl/Z lobs!).

About 450 data points were used in each spectrum.




Table III

A summary of the synthesis of RbgCgg

Procedure | Reaction Reaction Te (K) Shielding | AT10-90 (K)
Time Temperature Fraction?

Solution 2-4 hours ~110°C 28.6 50% >14K
synthesis (fast)
(powders)

Vapor 2 days to 200-450 °C 29-29.6 ~100% >10K

synthesis 2 weeks
(powders) (slow)

Vapor > 1 week 200450 °C 30.5 ~90% 4-0.7K
synthesis (slow)
(crystals)

aHighest observed shielding fraction measured at 5 K without demagnetization.




Coo — Cqo ————»[sz‘ ]——* Ce> == Ce™

l n=4,5,6
in PhCN
RbCy¢q Rb;Cy
in dry toluene in toluene
with 10% PhCN

Scheme I Solution phase synthesis of Rb3Cg



surface surface bulk
solution

(PhCN)~™ + C4qp —> Cg~ + PhCN

Scheme II Benzonitrile served as a redox catalyst
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rystals Doping at 200°C
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Cw Crystals Doping at 300°C
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