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Direct Observation of the Transition from Static to Dynamic Jahn-
Teller Effects in the [Cs(THF),]C,, Fulleride**

Konstantin Yu. Amsharov, Yvonne Kriamer, and Martin Jansen*

Fullerenes feature a number of unique chemical and physical
phenomena. Among these the commonly high electron
affinity allows for an easy uptake of excess electrons.!! In
most cases, the resulting anions are open-shell species, which
give rise to a variety of fascinating electronic effects in
fulleride-based extended solids, such as superconductivity or
ferromagnetism.** The mechanisms behind these collective
properties are not yet fully clarified, however, they have been
tentatively associated to respective local electronic struc-
tures."! For Cg,, and also for many other highly symmetric
fullerene cages, the frontier orbitals are degenerate and may
get unequally occupied upon reduction. Such a scenario
inevitably should result in a Jahn-Teller effect (JT).'
Meanwhile, a number of theoretical analyses have become
available, which all agree in that the JT distortion should be
fairly small, leading to orbital splittings of less than 0.1 eV.!
As a geometric response, most investigators have considered
a global distortion of the Cg, cage to an ellipsoidal body.
Single-crystal X-ray structure determination is the most
definitive experimental technique for detailed structural
analyses and investigation on JT distortions of fullerides in
the solid state. Unfortunately the progress in this field has
been impaired by the difficulty in synthesis of high-quality
single crystals. Fulleride crystals are frequently twinned and
suffer from orientational disorder of the spherelike Cg,
anions. Although, in few cases reliable crystal data have
been obtained,®*! the experimental evidence for a JTeffect in
anionic Cy has remained ambiguous, at least inconsistent.
Even when considering only structure determinations of high
accuracy, the results for Cy>~ vary from virtually spherical to
significantly elongated shapes/™? Thus, intriguingly the issue
of a static JT distortion in Cg? is far from being settled. Quite
understandable, the situation is even worse for the mono-
anion Cy, ", where the effects are expected to be even more
subtle. The reasons behind this dissatisfactory situation are
the faintness of the orbital splittings and geometric distortions
expected, and lack of precise crystal structure determinations.
Here we report on [Cs(THF),]C4, the synthesis and
growth of fully ordered single crystals, which have been used
to monitor for Cg, * the structural and electronic implications
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of the JT theorem, in particular to directly observe the
transition from static to dynamic JT effects.

The C, anion radicals were obtained from solid Cg, in a
THF/octane mixture by reduction with metallic Zn in the
presence of CsOH."”) The fulleride crystals were grown in
sealed all-glass systems by gradient solvent exchange as
described elsewhere.® [Cs(THF),]Cq, crystallizes as black
block-shaped crystals of up to 10 mm in diameter. The
compound was found to be unexpectedly stable, particularly
no decomposition (as confirmed by repetitive X-ray analysis)
was noticeable after exposure to air for several weeks.
Nevertheless, as a precaution, all sample preparations and
manipulations were carried out under anaerobic conditions.

The crystal structure has been determined from single-
crystal data and refined on data sets recorded at 200, 175, 150,
125, 100, and 50 K. The following description of the structure
is based on the 50 K data.!'"}

The anionic and cationic building units, respectively, are
the radical anion Cg, * and cationic [Cs(THF),]*, where four
THF molecules act as monodentate ligands forming a square-
planar complex. No free solvent molecules are present in the
structure. The coordination sphere of cesium is completed by
two fullerene anions forming a sandwich [Cs(THF),(1n°-Cy),,
,] (Figure 1). Each fullerene anion is twofold coordinated by
Cs, resulting in a linear chain of alternating cations and anions
(Figure 2). The packing of the respective chains gives a square
2D fullerene net, where each Cy has four fullerene
neighbors with short center-to-center intralayer distances of
about 9.94 A, whereas the shortest interlayer separation is
substantially larger and amounts to 13.09 A. Two of the
coordinated THF molecules partially protrude into voids of
the interfullerenes, preventing the anion radicals from
dimerization.!""! Such an atypical square-shaped organization
of fullerene anion radicals with short interfullerene contacts
have been regarded sufficient to manifest 2D metallic
behavior.[*"!

A closer inspection of the bond lengths in Cq, " reveals a
significant degree of deviation from the ideal [, symmetry,
indicating some systematic symmetry reduction as required in
terms of the JT theorem. Relative to neutral Cy,, the average
length of the 6:6 bonds is increased from 1.383 A to
1.396(1) A whereas the average of the 5:6 bond lengths is
reduced from 1.453 A to 1.449(1) A" These changes are
consistent with the now partially occupied t;, LUMO of Cy,
which is antibonding with respect to the 6:6 bonds and
bonding with respect to the 5:6 bonds.*!* The changes found
are slightly less pronounced than in the case of the Cg’~
dianion.”

The minimal symmetry reduction paths for lifting the
degeneracy of the originally triply degenerate HOMO of Cy, ™
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Figure 1. Top) ORTEP plot of the Cq, anion radical in [Cs(THF),]Cq, at
50 K. Displacement ellipsoids are drawn at 50% probability level.
Bottom) Sandwichlike [Cs(THF),(n®-Cq),/2] fragment showing Cs*
coordinated by four THF and two Cg, " molecules. Hydrogen atoms are
omitted for clarity. Only sumanene fragments of Cg, are displayed.
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Scheme 1. The minimal symmetry reduction paths for lifting the
degeneracy of the originally triply degenerate HOMO (t;,) of Ce, " by a
JT distortion.

by a JT distortion are displayed in Scheme 1. Indeed, the
deviations of the 6:6 carbon-carbon bond lengths as com-
pared to unperturbed Cg, are systematic, which is fortunately
not biased by the crystallographic site symmetry of C¢,~* (C)).
On the other hand, because of the interactions with counter
ions and a low-symmetry environment, the Cgq, * is probably
not fully in its intrinsic geometry. The possible point group
symmetries (see Scheme 1) would split the ensemble of 6:6
bonds into subsets, which we tested for consistency after
averaging. This procedure needs to be repeated for all
possible choices for the unique five-, three-, and two-fold
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Figure 2. Top) Projection of the crystal structure along the [010]
direction showing Cg4—Cs individual chains (coded by blue and red
colors) and layers of Cg™". The unit cell is shown in black. THF
molecules are omitted for clarity. Bottom) A Cq, layer with square-
shaped arrangement of the fullerene molecules. The short intermolec-
ular C---C contacts of less than 3.3 A are marked by dashed lines.

axes with respect to pristine Cg. The experimentally found
variations comply best with the point group D;,, and that only
for one out of the possible ten C; rotation axes of Cg, (see
Figure 3). Three out of six possible orientations for the unique
axes of point group Ds, also show patterns of selective bond
elongations. This is, however, mainly effected by the D,
symmetry which exactly relates these three orientations of
the five-fold axes. Out of the 15 orientations of two-fold
rotation axes only one sticks out, approximately fulfilling D,,
point group symmetry. These observations are in accordance
with locally distorted Cg, * species, basically of point symme-
try D;, and D,,, which appear superimposed in the crystal
because of the spatial/temporal averaging of X-ray diffraction
studies. The local elongation of specific 6:6 bonds at the same
time produces a global deformation of the Cy, sphere, with the
asphericity growing with decreasing temperature. Global and
local distortions appear to be correlated because the direction
of global elongation of the cage coincides with the orientation
of the unique axes. This finding is suited to settle the dispute
on global and/or local distortions, since selective changes of
bond lengths which are in accordance with a lower symmetric
point group also would inevitably affect the overall shape of
the cage.

The rather precise structural information as obtained
from 50 K diffraction data clearly gives evidence for a static
JT distortion. The picture obtained appears somewhat
obscured because of the unresolved superposition of two
different distortion patterns. Coexistence of more than one
symmetry-reduced species as well as disorder in the crystal is
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Figure 3. Positions of the symmetry inequivalent (6,6)-bonds in the
Ceo anion for the Dy, and D,, representation. The four different types
are shown by different colors. The color code of the predicted
decreasing trend of the bond length is: red > yellow > green > blue.’
The bars show experimentally derived averages of the D;; and D,,
subsets of corresponding C—C bond lengths. The respective three- and
two-fold axes are given by dashed lines.

well understandable: the energy differences between the
configurations discussed is very small. To corroborate the
structural findings temperature-dependent magnetic suscept-
ibility and EPR measurements were performed.

Magnetic measurements were performed in the 2-360 K
range. As it can be seen from the temperature dependence of
the inverse molar magnetic susceptibility (1/yy) the title
compound undergoes a phase transition at about 150 K
(Figure 4). Over the ranges 15-90 K and 160-360 K, the molar
magnetic susceptibility can be fitted by the Curie-Weiss law
= CI(T—6) + y, with a constant y,=4.5x10"* emumol .
The 6 value was found to be —17 K for the low-temperature
region (LT), and —23 K for the high-temperature region
(HT). The C value of 0.27 emuK mol ™!, which is virtually the
same for the LT (0.268) and HT (0.271) converts to an
effective magnetic moment of 1.47 uy per formula unit. This
corresponds to a contribution of about 72 % of the spins from
the total amount of Cg, present. Similarly low C values were
observed previously in 2D fulleride-based metal-containing
close-packed C4* layers and were attributed to antiferro-
magnetic interactions.!”® However, such an explanation
would not apply in the present case, because this effect has
been appropriately accounted for by the Curie—Weiss law.
Since the corresponding phase transition takes place in a
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Figure 4. Observation of the transition from static to dynamic Jahn—
Teller effects in [Cs(THF),]Cg. Top) Temperature dependence of the
molar magnetic susceptibility (y\) and inverse molar magnetic sus-
ceptibility (1/xm) of [Cs(THF)4]Ce. The insets show the EPR lines of
the LT and HT phases. Bottom) The temperature dependence of the
global anisotropy of C4* cage. The circlar insets show schematically
the relative direction of elongation in the fullerene cages within the
square fullerene layer.

rather wide temperature interval (110 K-170 K) the EPR
spectra of the LT and HT phases were recorded at 50 and
300 K, far off the transition temperature (Figure 4). The EPR
spectrum of the HT phase shows a broad isotropic signal with
a peak-to-peak line width of about 150 G (g =2.0002) which
decreases dramatically to approximately 6 G for the LT phase
(75K) and develops a remarkable anisotropy. Such a
behavior has been addressed before for Cy ™ and has been
tentatively associated to a transition from static to dynamic JT
effects.*! The anisotropy of the LT phase spectrum gives
evidence for a static Cg ° distortion from I, symmetry
whereas for the HT phase the effect appears to become
dynamic on the EPR time scale and an isotropic signal is
observed: due to dynamic averaging of the distorted JT
structures the anisotropy collapses and gives effective icosa-
hedral symmetry (pseudorotation).

The structural transformations in the system were ana-
lyzed in the phase transition region by X-ray crystallography
at 200, 175, 150, 125, 100, and 50 K. Neither irregular changes
in the lattice parameters, nor in the relative position and
orientation of individual molecules have been observed.
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However, a detailed analysis reveals that the fullerene
molecules undergo a significant deformation and finally
assume an ellipsoidal shape at low temperature. For an
evaluation of the degree of ellipsoidal deviation from the
ideal sphere we have considered the anisotropy effect as a
difference between longest and shortest carbon-to-carbon
diameters. The results of anisotropy changes are visualized in
Figure 4, showing the transition at the same temperature
interval found by magnetic measurements. The anisotropy
factor of about 0.0030 A found for the HT phase is close to the
anisotropy factor observed for pristine Cg!"¥! and might be
related to crystal packing effects. Decreasing the temperature
causes an increase in the anisotropy within the interval of
130-160 K to approximately 0.048 A. This value stays con-
stant during further cooling. The anisotropy value of 0.048 A
is between the values experimentally found for pristine Cg,
(0.02 A) and the Cy dianion (0.07 A), which is in good
agreement with prediction.!"

In summary, the facile synthesis and structural analysis of
a highly ordered Cs-based fulleride are reported. The data
obtained provide structural information sufficient to prove a
JT distortion in the Cy, anion radical. Also, for the first time
the transition from static to dynamic Jahn-Teller effects in
fullerides has been observed directly by X-ray analysis. The
comprehensive structural information available, the presence
of an extended fullerene network with short interfullerene
contacts and antiferromagnetic ordering at Ty=7 K offers
promising opportunities for in-depth examinations of collec-
tive magnetic and transport phenomena in fullerides.

Experimental Section
Synthesis of [Cs(THF),]Cs: Fullerene Cq (50 mg, 0.0069 mmol,
“MER Corporation”, USA, 99,9%) have been reacted with zinc
powder (4 mg, 0.0061 mmol) and cesium hydroxide (10 mg) in
tetrahydrofuran (9 mL) containing n-octane (1mL) and water
(0.2 mL). The reaction mixture was cooled with liquid nitrogen and
degassed under vacuum (2 x 10~° mbar). The reaction was allowed to
warm to room temperature and was stirred for 10-20 h resulting in a
dark red-purple solution. Crystal growth was achieved by gradient
solvent exchange as described elsewhere.l®” All manipulations were
carried out in all-glass system excluding any contamination.

Structure determination: For X-ray diffraction experiments a
black platelike crystal was selected from the sealed off ampoule,
transferred to a high-viscous oil and was attached to a loop. The
intensity data of the single crystal were collected with a Smart
APEXII diffractometer (Bruker AXS, Karlsruhe, Germany) with
Mo-Ka radiation (0.071073 A) at different temperatures. Data
reduction was carried out with the Bruker Suite software package,
absorption correction was applied using SADABS. The structure was
solved by direct methods and refined by full-matrix least-square
fitting with the SHELXTL software package. We did not use
constrains and restrains during the structure refinement.

The magnetic susceptibility, y(7'), was recorded on a Quantum
Design “MPMS XL” magnetometer at magnetic fields of 0.1, 1, and
7T in a temperature range of 2-370 K.
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