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We report a detailed study of the structure, dynamics and electronic structure of the new fulleride
[Cr(CoH,5)»]"Cqo . Using a variety of characterization tools including EPR, NMR, SQUID magnetic
measurements and high resolution X-ray powder diffraction a spin pairing of the Cqo~ spins with
decreasing temperatures could be observed. Contrary to the observed phase transition of first order
in the related compound [Cr(C¢Hy),]"Cg,~ the phase transition observed in the title compound is

of higher order.

Introduction

The most characteristic feature of Cgq is its strong electron
accepting character, which can be attributed to two triply
degenerate low-lying unoccupied orbitals, the three t;, LUMO
orbitals and the three t;, LUMO +1 orbitals. Formal ionic
charges up to —12 have been realised using alkaline or alka-
line-earth metals as reducing agents.'> Most of the fullerides
synthesised to date can structurally be described by a fcc (face
centred cubic) arrangement of Cg*  molecules with the
cations in tetrahedral and/or octahedral voids.

Fullerides exhibit exceptional properties such as supercon-
ductivity®>* or ferromagnetism>® and it would thus be very
interesting to study fullerides containing transition metals
instead of alkaline or alkaline-earth metals. Thus far, fullerides
doped with transition metals are limited to mostly rather
poorly characterised materials.”® The reasons for the sparse
occurence of transition-metal fullerides are on the one hand
the size mismatch between the small, highly charged metal
cations and the large fulleride anions. On the other hand the
estimated small lattice energies of hypothetical M Cg, fuller-
ides—due to comparatively long M""—Cg,"~ distances—as
well as the large heats of vaporisation of common transition
metals indicate thermodynamically unstable compounds. This
is pointed out in Fig. 1 which shows a Born-Haber-cycle
process for a hypothetical MCg fulleride.
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A promising way to counter both effects is the complexation
of the transition metal, e.g., with ammonia'®'? or arene
ligands.'® This leads to bigger entities, that are more suitable
to fill the voids in the Cgg-lattice. Furthermore the thermo-
dynamic stability is enhanced by the formation energy of the
transition-metal complexes.

Recently we investigated the transition-metal fulleride
CrTol,Cgy = [Cr(C;Hg)»]Ceo J'% which is an unusual com-
pound in several respects. It consists of monoanionic Cgg mole-
cules in a primitive cubic (pc) arrangement with CrTol,"
cations filling the cubic voids. To our knowledge this is the first
example of a fulleride that crystallises in a CsCl-type structure.

Interestingly, CrTol,Cg exhibits a clear reversible first order
phase transition at 250 K. Upon cooling through the transition
temperature a pairing of the Cqy~ monomers into (Cgp),>~ di-
mers was observed. This transformation was monitored and
confirmed by EPR, NMR, SQUID magnetic and DSC measure-
ments. The crystal structure of the ordered dimer-phase could be
solved based on synchrotron powder diffraction data.'

Apart from CrTol,Cgy, there are only a few compounds
containing (C(,o)zz’ dimers known to date. Monoanionic
ACgo-fullerides (A = K, Rb, Cs) form metastable dimer
phases upon a special temperature treatment, ! as seen by
13C NMR.?° Recently, Konarev et al. reported on several com-
pounds containing Cgg or C;o monoanions in combination with
different transition-metal complexes like Cp*,Crt, Cp,Co™
and Cr(C¢Hg)".2""*? These compounds also exhibit (Cgg)r>
dimer formation upon cooling at different temperatures.
Spectroscopic results were similar to those for CrTol,Cgp.
Additionally the structure of the dimer phase of Cp*,CrCey-
(CsH4Cly), has been solved by single crystal analysis.

Although the dimer-forming fullerides adopt various pack-
ing shemes, a distance of about 10 A between adjacent fuller-
ene centres can be identified as the common structural motif.
This is the normal van-der-Waals distance as observed in Cgg
as well as in most alkali-metal fullerides.

In this paper we present the results on the related compound
CrMes,Cgg = [Cr(CoH5),]Cso. Due to the increase in size
of the transition-metal complex, a corresponding increase in
the interfulleride distance is expected. In the following, the
properties of CrMes,Cg, fulleride are studied in detail and
related to the results on CrTol,Cgg.
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Experimental

Cgo was used as purchased from the MER Company (99.9%
purity). Bis(mesitylene)chromium was prepared via the
Fischer—Hafner synthesis> followed by a twofold sublimation
of the raw product. CrMes,Cgqo was synthesized by dropwise
addition of a solution of bis(mesitylene)chromium to a solu-
tion of Cgy, both in toluene. To agglomerate the resulting
colloidal black precipitate the solvent toluene was replaced
by the less polar pentane. The filtered residue was washed with
pentane and dried in vacuo. All manipulations were performed
under strictly inert conditions, because the product is sensitive
to air and moisture.

Powder-diffraction patterns at room temperature have been
recorded on samples sealed in a 0.3 mm capillary using a Stoe-
Stadi P diffractometer, equipped with a Ge (111) primary
monochromator, with copper Ko radiation (1 = 154.06 pm).
The synchrotron measurements at low temperature have been
carried out on the beamline X3B1 of the National Synchrotron
Light Source at Brookhaven National Laboratory in transmis-
sion geometry with the sample sealed in a 0.7 mm capillary
using a wavelength of 115.071 pm. Further experimental
details can be found elsewhere.?*

Magnetic susceptibility measurements have been carried out
at a magnetic field of 5 T on samples sealed in quartz tubes
with an MPMS 7.0 SQUID-magnetometer (Quantum Design,
San Diego). The diamagnetism of the tube as well as of the
reactants, Cgy and bis(mesitylene)chromium, was measured
and subtracted from the results.

EPR spectra were recorded on samples sealed in evacuated
quartz tubes at X-band frequencies (9 GHz) and in high field
at W-band frequencies (94 GHz). For the X-band measure-
ments a standard Bruker spectrometer with a rectangular cav-
ity was used. W-band measurements were carried out on a
Bruker Elexsys 680 spectrometer, which was equipped with a
cylindrical cavity; g values are corrected by comparison to a
reference sample.

All NMR experiments were performed on a Bruker DSX
400 spectrometer operating at 9.4 T using a 7 mm MAS
NMR probe at a resonance frequency of 100.61 MHz. The
spectra were recorded at a spinning frequency of 4 kHz in a
temperature range of 150-300 K. Repetition rates of 100 ms
to 300 s were used. The chemical shift is referenced relative
to TMS.
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Results

Powder diffraction

The room temperature powder diffraction pattern of
CrMes,Cgo is shown in the upper part of Fig. 2. Indexing
reveals a rhombohedrally centred hexagonal cell with the
dimensions a = 14.619(1), ¢ = 16.773(1) A, V = 3105(1) A°.
The lattice parameters of the primitive rhombohedral cell are
a=10.124 A, o« = 92.44°, V = 1035(1) A3. The cell can be
derived from the cubic one of CrTol,Csp (a = 9.9883(4) A,
V = 996.5(1) A®) by a small deformation along one body diag-
onal, corroborating the strong similarity of both structures.
Possible space groups are R3 and R3m. The calculated powder
pattern of a model of CrMes,Cg (space group R3), which was
created using the program KPLOT™ is shown in the lower part
of Fig. 2. For the model the six membered rings of both mole-
cules (Cgp and CrMes,) were oriented perpendicular to the hex-
agonal c-axis. The orientation in the a—b-plane is arbitrary.
The calculated powder pattern is almost identical to the mea-
sured one, thus confirming the validity of the model. The dis-
tance between adjacent Cg,~ molecules at room temperature
is significantly higher in CrMes,Ceo than in CrTol,Ceo
(Aa = 0.136 A). Synchrotron powder diffraction measure-
ments at low temperatures reveal no structural changes for
CrMes,Cq as observed for CrTol,Cg . The lattice parameters
at 50 K are @ = 14.459(1) and ¢ = 16.598(1) A, V' = 3005(1)
A3, The corresponding primitive thombohedral cell has the
dimensions a = 10.015 A and o = 92.42°, V' =1002(1) A°’.
Assuming a Cg radius of 3.5 A the minimum distance between
adjacent carbon atoms on different Cgp molecules is at least
3 A, being the normal van der Waals distance of a close packed
Ceo lattice. In comparison, the distance between single bonded
Cgo molecules in Cp*,CrCeqo-(CsH4Cls), is 9.28 A and the
corresponding dimer bond length is 1.597(7) A" Thus, the
concept of dimer formation in CrMes,Cg at low temperatures
is not supported by the powder diffraction data.

The changes in the lattice parameters (c-axis) with tempera-
ture, as obtained from temperature dependent synchrotron
measurements, are plotted in Fig. 3. A noticeable deviation
from a linear trend is obvious at around 190 K, indicating a
phase transition of higher order.

Fig. 4 exhibits the Rietveld-plot (R3) of the synchrotron
data measured at 50 K. The corresponding structure is mapped
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Fig. 2 Room temperature powder diffraction pattern of CrMes,Cg,. Top: experimental powder pattern; bottom: calculated powder pattern of a

model of CrMes,Cg in space group R3.
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Fig. 3 Temperature dependence of the c-axis of the hexagonal unit
cell of CrMes,Cy .

in Fig. 5. Since the shapes of the Cgy molecule and the CrMes,
complex are known in narrow limits, both entities were intro-
duced as rigid bodies in an orientation that is compatible to
the existence of a threefold axis. Thus, the refinable parameters
were reduced to one rotational parameter for each rigid body
(rotation around the c-axis). Due to strong anisotropic peak
broadening caused by microstrain together with a high back-
ground, the attainable experimental resolution is just about
2 A. Thus, detailed structural features of CrMes,Cgy could
not be obtained. However, a significant result of the refinement
is the nearly eclipsed arrangement of the six membered rings in
CrMes, and Cg, respectively, pointed out in the left part of
Fig. 5. This conformation rules out R3m as a possible space
group, leaving R3 as the only possible solution. Further details
of the refinement are listed in Table 1. To account for the
anisotropic peak broadening the phenomenological model of
Stephens as implemented in the program GSAS was used.?
The resulting anisotropic microstrain distribution is visualised
in Fig. 6. Regarding microstrain as an indication for compres-
sibility along different directions, one could deduce a distinct
compressibility along the c¢-direction of the unit cell, which is
also the direction of the longest interfulleride distance. How-
ever, the data does not allow a complete interpretation of
the microstrain distribution.

SQUID magnetic measurements

Fig. 7 plots the static inverse paramagnetic susceptibility of
CrMes,Cgo versus temperature. In this plot straight lines
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through the origin indicate Curie behaviour. For comparison
the corresponding curve of CrTol,Cgg is shown in the inset.
In the range from about 170 K to 360 K the spins in
CrMes,Cg follow a Curie-Weiss like behaviour. The slope
in this temperature range translates to a magnetic moment of
~2.4 up. Neglecting orbital contributions to the magnetiza-
tion, this value is in accordance with the assumption of a sys-
tem comprised of two independent unpaired electrons per
formula unit. Thus, similar to the room-temperature phase
of CrTol,Cqy, CrMes,Cgqy consists of bis(arene)chromium
cations and Cg, monoanions. However, in contrast to
CrTol,Cgy, no corresponding phase transition is observed
for CrMes,Cgo at subambient temperatures.

At about 150 K a deviation from linearity of the 1/ versus
T curve is obvious. It can be attributed to a successive
reduction of spin carriers in CrMes,Cgp -

NMR spectroscopy

The temperature dependent '’C-MAS NMR spectra of
CrMes,Cgo are compiled in Fig. 8. The room temperature
spectrum exhibits a single resonance line at 183 ppm, accompa-
nied by two rather weak spinning sidebands together with a
minor signal at 143 ppm, presumably arising from a Cgo
impurity. The corresponding static '*C spectrum (not shown)
exhibits a signal with a line width (FWHH) of 2.4 kHz.

Upon cooling, three significant changes in the '*C-MAS
NMR spectra can be observed. First, the position of the 3¢
signal shifts from 183 ppm at room temperature to 204 ppm
at T =150 K (¢f. Fig. 9). This behaviour reflects the typical
Curie dependence of the paramagnetic Cgy monoanion. Sec-
ond, the number and intensities of the spinning sidebands is
growing considerably with decreasing temperature. The
BC MAS NMR spectrum, taken at 7 = 150 K, was fitted
using the Bruker Winfit software, resulting in d;5, = 204.0
ppm, Acs = 135 ppm, 5cs = 0. Third, apart from the overall
broadening of the MAS spectra, a drastic broadening of the
individual MAS signals (isotropic line and spinning sidebands)
is obvious. This behaviour can—at least in part—be ascribed
to the combined action of a temperature gradient within the
MAS rotor and the temperature dependence of the '*C
NMR signal of CrMes,Cqy. The temperature difference
between the top and the bottom of the MAS rotor was esti-
mated using a setup in which Pb(NO;),, a well-established
chemical shift thermometer,?’ was placed on the bottom and
at the top of a MAS rotor, separated by boron nitride. With
this setup, the 2°’Pb-MAS-NMR spectra, compiled in Fig.
10, resulted for the indicated temperatures.
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Fig. 4 Rietfeld plot of the synchrotron data for CrMes,Cq¢ at 50 K.
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Fig. 5 Structure of CrMes,Cg (from Rietveld refinement of the syn-
chrotron data taken at 50 K). Edges of the hexagonal unit cell are in
black, the corresponding edges of the primitive rhombohedral cell
are in grey. The nearly eclipsed conformation of the six membered
rings—of Cgy and CrMes, respectively—is pointed out on the left side.

The temperature difference between the top and bottom end
of the MAS rotor can be calculated using the relation AT~ 1.3
Adcs™® allowing for an estimation of the temperature-gradient
induced line broadening for the '>*C-NMR signal of CrMes,-
Ceo. At T =157 K, the temperature difference amounts to
12 K, which translates into a ">C line width of 4 ppm.

EPR spectroscopy

CW EPR spectra of CrMes,Cgo were obtained at X-band (9.5
GHz) and W-band (95 GHz) frequencies in the temperature
range 6-100 K using Li:LiF as a g-factor reference sample.
At X-band a symmetric line of Lorentzian character was
observed which narrows from 5.7 mT at room temperature
to 2.3 mT at 40 K. The temperature dependence of the line
position is shown in Fig. 11. At W-band frequencies, the
EPR line is considerably broadened already at room tempera-
ture and broadens further with decreasing temperature (see
Fig. 12). The lineshape becomes progressively asymmetric with

Table 1 Crystallographic data for the low temperature phase of
Cr(CyH|2)>Ceo. R-p, R-wp, R-F, and R-F? refer to the Rietveld
criteria of fit for profile and weighted profile respectively, defined in
the GSAS manual

Formula CGOCF(C9H12)2
Temperature/K 50

Formula weight/g mol—1 3092.809
Space group R3

Z 3

a/A 14.4590(7)
c/A 16.5981(21)
V/A3 3005.2(4)
pcalc/g Cm73 1.709

20 range/° 5-33.0

20 step size/° 0.02
Wavelength/A 1.1507(2)
u/em™! 12.36

Ry, (%) 4.99

Ryp (%) 5.44

Rg (%) 3.81

Re: (%) 5.64

No. of reflections 83

This journal is © The Owner Societies 2004
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Fig. 6 3-Dimensional representation of the isosurface of the fourth
order microstrain tensor of CrMes,Cgg at 50 K.

decreasing temperature. At 6 K the g anisotropy is fully devel-
oped. At this temperature the observed g-factor of g = 1.9888
corresponds to the CrMes,™ complex.

Discussion

The combined results allow for a detailed discussion of the
dynamics and electronic structure in CrMes,Cgy . The reduced
mobility of the Cg entities with decreasing temperature in
combination with the observed reduction of spin carriers are
in tune with a thermally activated dimer formation. At room
temperature the situation can be described as isolated Cgo
monoanions which can perform reorientational motion. The
NMR line width of the static room temperature '*C NMR
spectrum hints at a partially averaged CSA tensor due to reor-
ientational motion of the Cgy cages. The chemical shift of 183
ppm at room temperature confirms the presence of monoanio-
nic Cg species, the downfield shift of approx. 40 ppm relative
to pristine Cgo predominantly arises from a paramagnetic shift.
This is corroborated by the temperature dependence of the iso-
tropic chemical shift of this signal which follows a Curie like
behaviour (¢f. Fig. 9). The observation of a single EPR line
with a g value of 1.9925 indicates an exchange coupled spin
system at room temperature with a spin % on every Cqo~ and
another one on the mesitylene chromium complex. Decreasing

Bl

:

17y, mole-e

100 200 300

0 50 100 1%0 260 230 360 3%0
temperature/K
Fig. 7 SQUID magnetic measurement of CrMes,Cqo (B =5 T).

Plotted is the inverse susceptibility as a function of temperature. The
insert shows the corresponding graph for CrTol,Cg .
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Fig. 8 Temperature dependence of the '>C MAS NMR spectra of
CrMes2C50 .

the temperature leads to an increase in the spinning sideband
intensity, reflecting a successive slowing down of the reorienta-
tional motion of the Cg, cage. At 7= 150 K, the width of the
CSA tensor (Acs = 135 ppm, 5cs = 0, obtained from a Herz-
feld—Berger analysis of the spinning sidebands®) compares
well to that of the '*C signal of immobile Cg, cages in pristine
Ceo’%at T = 113 K. Since no lower temperatures are accessible
with our equipment, no *C NMR spectra could be obtained
in the temperature range 150 K-25 K. Therefore, we cannot
unequivocally decide whether the Cgo cages are completely sta-
tic at 7= 150 K or if the freezing of the motion is not fully
complete at this temperature. However, the width of the
CSA tensor indicates a reorientational frequency <10* Hz
for the reorientation.’’

It is quite important to note that the chemical shift of the
more or less static Cqo cages still contain the paramagnetic
contribution (downfield shift relative to Cgp), thus excluding
immediate complete spin pairing upon immobilisation, as
observed in the related CrTol,Cgp .

For a discussion of the effects occurring at even lower tem-
peratures, we have to resort to the results of the EPR and
SQUID magnetic measurements. When lowering the tempera-
ture the EPR spectrum gradually develops into a spectrum
indicative of a single spin system characteristic of only the

210-
205
= 200
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«? 195
190+
185 T T ] 1
3 4 5 6 7
1000K/T

Fig. 9 Temperature dependence of the chemical shift of the central
13C MAS NMR signal of CrMes,Cqp .
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Fig. 10 27pp  MAS NMR spectra of Pb(NO;), at different
temperatures (for details see text).

CrMes," complex at low temperatures. This scenario is sup-
ported by the temperature dependence of the total susceptibil-
ity (Fig. 7) and the average g-factor (Fig. 11). We note in
addition that also the g-factor at 6 K corresponds entirely to
the CrMes, " complex. In this respect the behaviour resembles
that of CrTol,Cgo with the difference that there is an abrupt
change of the susceptibility (Fig. 7) and the g-factor (Fig. 11)
occurring at 250 K. Around this temperature also the EPR
lineshape (at W-band) changed abruptly whereas in the case
discussed here the change is monotonic over the whole
temperature range which also holds for the temperature
dependence of the g-factor (Fig. 11).

Thus, the material consists of a CrMes, Cg,~ complex with
two exchange coupled spin % at room temperature and only a
single spin 1 on CrMes," and no spin on Cy at low tempera-
tures. Furthermore there is no evidence for a phase transition
from the EPR data. Both the gradual change of the g-factor

1.993
1.992 |-
5 . L1992} Crlol G, -
8 191 - 1991
& . 1990
1989
1.990 + . L8
1987
0 100 200 300
1.989 L 1 1 1 1 1
0 50 100 150 200 250 300

temperature / K

Fig. 11 Temperature dependence of the isotropic g-value of
CrMes,Cgo (X band). The inset shows the corresponding graph for
CrT012C6().
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Fig. 12 W-band EPR spectra of CrMes,Cqy as a function of
temperature.

and the lineshape can consistently be explained by a model
which assumes a spin pairing of the Cqy~ spins, possibly by
dimer formation, at low temperature and a thermally activated
bond breaking with increasing temperature. Assuming a Curie
susceptibility for the Cq~ spins allows to extract from the tem-
perature dependence of the total g-factor (Fig. 11) the number
of Cgo~ spins at different temperatures (c¢f. Fig. 13). The
observed behaviour can be described by a Boltzmann law with
activation energy AE/k = 62.5 K as:

ngo = ngoe”NE/KT
where 7 is the number of spin carrying Cg,~ molecules and 7,
their total number.

From a solid state point of view the observation of a dia-
magnetic ground state (with one electron per Cgy molecule
on average) and the thermally activated increase of the mag-
netic susceptibility can only be reconciled by a gap opening
when lowering the temperature. This excludes an antiferro-
magnetic ground state and is evidence for a spin paired state
at low temperatures. The gap between the diamagnetic ground
state and the paramagnetic state is manifested by the activa-
tion energy. It is reminiscent of a spin Peierls or ordinary
Peierls transition. This, however, is just a speculation and
further evidence is required.

o < g e =
o S =N ) o
1 1 1 1 1

n
.,

C,spins contributing to the susceptibility / mol
=
1

T T T T
0 50 100 150 200 250 300 350
temperature / K

Fig. 13 Number of Cg spins extracted from the temperature
dependence of the total g-factor. (for details see text).

This journal is © The Owner Societies 2004

Both types of Peierls transitions are accompanied by a per-
iodic lattice distortion which for commensurability reasons
would in this case be a dimerization. It is well known that
the lattice distortion can be very small and is in general
detected only by diffuse X-ray scattering. It is therefore not
surprising that it has not been seen in the applied XRD.
Further investigations are required to verify this conjecture.

Conclusion

The temperature dependent changes of the electronic structure
and the dynamics in the new fulleride CrMes,Cg, could be suc-
cessfully studied using a combined approach using EPR,
NMR, SQUID magnetic measurements and X-ray powder dif-
fraction techniques. While the situation at ambient tempera-
tures and very low temperatures resemble those found for
the related CrTol,Cgqp — an exchange coupled spin system at
room temperature with rapidly reorienting Cg, cages and a sin-
gle spin system with the electron spin localized on the CrMes, "
complex with static, non-reorienting Cg, cages at low tempera-
tures — the transition between these two extreme states is com-
pletely different in these two samples. The transition in
CrTol,Cgp is observed to be of first order with clear evidence
for a dimer formation at the transition temperature of 250 K.
The transition in CrMes,Cgg, on the other hand, is obviously
of higher order and might be due to some type of Peierls transi-
tion. Further evidence is required to verify this. The reason for
the different behaviour is to be found in the larger Cgp—Cgp
distances, induced by the larger chromium complex in
CrMes,Cgo which inhibits spontaneous dimer formation upon
freezing of the Cg( reorientation.
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