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Abstract. High-resolution neutron powder diffraction is used to authenticate that the Na2RbC60
fulleride undergoes on cooling an incomplete structural phase transition from a primitive cubic
to a monoclinic phase (space groupP21/a, lattice constants at 2.5 K:a = 13.707(2) Å,
b = 14.466(2) Å, c = 9.366(1) Å, β = 133.64(1)◦). Very short interfullerene C–C contacts are
identified, providing evidence for the presence of bridging bonds whose distances refine to∼1.7 Å.
The C–C bonds are inclined to thec axis by∼7.7◦ and lie within thebc plane. The stability of the
ground state polymeric structure and the kinetics of the monomer→ polymer transformation are
influenced by the charge state of the fulleride ions, the steric crowding associated with the dopant
alkali ions and the relative orientational state adopted by neighbouring fullerides in the precursor
monomer phase.

1. Introduction

The origin of the unusually fast depression ofTc with decreasing interfullerene separation
in superconducting fullerides, Na2(A,A ′)C60 (where A, A´ = alkali metal) has attracted
particular interest. Empirically it appears that the modified structure and intermolecular
potential encountered in these primitive cubic fullerides sensitively affect the electronic and
conducting properties [1]. Structural work at elevated pressures for Na2RbC60 [2] has also
identified a low-symmetry phase with short C3−

60 –C3−
60 distances (∼9.35 Å), reminiscent of

polymerized AC60 salts (∼9.11 Å) [3]. However, recent synchrotron x-ray diffraction [4]
and susceptibility measurements together with13C and23Na NMR [5] have revealed, even at
ambient pressure, a more complicated situation than hitherto appreciated. The properties of
ternary, Na2AC60 and quaternary, Na2(A,A ′)C60 fullerides were found to be highly sensitive to
cooling protocols. While upon rapid cooling, the salts remain strictly cubic, slow cooling
stabilizes the same low-symmetry phase as that found at high pressures, comprising of
quasi-one-dimensional C3−60 chains with short interball centre-to-centre distances of∼9.38 Å.
Although single carbon–carbon interfullerene bonds have been reported before in the dimer
phases of both AC60 fullerides [6] and the (C59N)2 heterofullerene solid [7], it was only recently
that this type of bonding was proposed as the way of linking together the C3−

60 units in the case
of Na2RbC60 [8, 9] and the C4−60 units in Na4C60 [10] to produce polymeric structures of varying
dimensionality. Here we report the results of temperature dependent high-resolution neutron
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powder diffraction studies of the crystal structure of Na2RbC60 at ambient pressure. Such
experiments were performed in an attempt to characterize the interfullerene C–C bonding
interaction more accurately than it had been possible before by synchrotron x-ray powder
diffraction. As the x-ray scattering power of C is weak, such details have eluded earlier
structural work [4, 9].

2. Experiment

The single-phase Na2RbC60 sample of mass 1.2 g, used in the present study, was prepared
by direct solid-state reaction of stoichiometric quantities of C60, Na and Rb contained in a Ta
cell, sealed inside a glass tube filled with 500 Torr of He gas. The heat treatment followed
included heating at 480 K for 3 h, 570 K for 12 h, and 620 K for 72 h. Further annealing was
carried out at 673 K with intermediate regrindings for a period of four weeks. Phase purity
was established by solid state NMR and synchrotron x-ray powder diffraction measurements.

The neutron powder diffraction experiments were undertaken with the high-flux, high-
resolution diffractometer D2b (λ = 1.5938 Å), at the Institute Laue Langevin, Grenoble,
France. The Na2RbC60 sample, from the same batch used for the synchrotron x-ray [4, 9]
studies, was loaded in a cylindrical vanadium can (∅ = 4 mm) sealed with indium wire and
then placed in a standard ILL ‘orange’ liquid-helium cryostat. The sample was first cooled from
room temperature to 180 K at a rate of 5 K h−1. The temperature was then held at 180 K for 17
hours before further cooling to liquid helium temperatures. Data were collected on warming
at temperatures of 2.5, 100 and 200 K. The instrument was operated in its high-resolution
mode and the data were collected for the angular range, 2θ = 0–162.5◦ in steps of 0.05◦. Full
diffraction profiles were obtained with counting times of 22 hours at 2.5 K, 14 hours at 100 K
and 9 hours at 200 K. The raw data were merged and normalized to a standard vanadium run
using standard ILL programs. The data analysis was performed with the FULLPROF [11]
suite of powder diffraction software.

3. Results and discussion

3.1. Optimization of the structural model

Figure 1 presents the neutron powder diffraction profile of Na2RbC60 obtained at 2.5 K,
following the cooling protocol described earlier. Detailed inspection of the profiles at all
temperatures investigated in the present study shows that the Bragg reflections can be indexed
with the monoclinic space groupP21/a. However, refinement of the profiles using the LeBail
[12] pattern decomposition technique inP21/a symmetry fails to reproduce the necessary
intensity for a number of Bragg peaks in the 2θ range 8–35◦. This is in agreement with
our earlier experimental work [4, 8] where synchrotron x-ray diffraction studies found that
a minority cubic (space groupPa3̄) phase also survives at low temperatures. Two-phase
LeBail profile analysis of the neutron diffraction data further confirmed that a fraction of the
high-temperature primitive cubic phase was frozen in, despite the extremely slow cooling.

Accordingly the neutron powder diffraction profiles at 2.5, 100 and 200 K were refined by
the Rietveld method using a two-phase model of coexisting monoclinic and cubic phases. The
monoclinic unit cell (a = 13.707(2) Å, b = 14.466(2) Å, c = 9.366(1) Å, β = 133.64(1)◦ at
2.5 K) with the fullerene molecules at (0, 0, 0) and (1/2, 1/2, 0) is shown in figure 2. The nearest
interfullerene distance is 9.37 Å within theac plane, in good agreement with the values obtained
from our synchrotron x-ray studies [4, 9]. It is considerably shorter than the nearest neighbour
centre-to-centre distance of 10.02 Å in C60, but compares well with earlier observations in
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Figure 1. Observed (points), calculated (solid line) and difference (lower panel) plots for the final
two-phase Rietveld refinement of the high-resolution powder neutron diffraction data of Na2RbC60
at 2.5 K. Reflection positions are shown as tick marks. The tick marks show the reflection positions
for the monoclinic (top set) and primitive cubic (bottom set) cells.

fullerides with C–C interfullerene connections, like the two-dimensional Na4C60 [10] and the
one-dimensional AC60 (A = Rb, Cs) [3] polymers, in which the shortest centre-to-centre
distances are 9.28 and 9.11 Å, respectively. The gradual loss of the superconducting cubic
and the appearance of the non-superconducting monoclinic phase on cooling agrees well with
the fact that the diamagnetic response of Na2RbC60 is strongly suppressed [13] in SQUID
susceptibility studies following slow cooling treatments. The superconducting volume fraction
remaining at low temperatures correlates well with the amount of the untransformed cubic
phase.

Our starting structural model was based on the monoclinic structure reported in [8, 9]
(space groupP21/a) in which 30 symmetry-inequivalent carbon atoms were needed to generate
the two C60 molecules in the unit cell. The alkali metals were initially located at (1/2, 0, 0)
and (0, 1/4, 1/2) positions, derived from the high-symmetry tetrahedral and octahedral sites
of the parent cubic structure. For the minority cubic phase, we employed thePa3̄ structural
model already documented in the literature [1, 14], in which the C60 units adopt two distinct
orientational states, rotated anticlockwise about the [111] direction of the cubic cell by either
φ ∼ 98 or 38◦, and the Na+ and Rb+ ions are placed in the tetrahedral and octahedral interstices,
respectively. Rietveld refinements were then performed with this two-phase model.

At first, the two C3−
60 ions present in the monoclinic unit cell were allowed to rotate about

the [001] direction anticlockwise and the resulting quality-of-fit factors (Rwp) were monitored.
Figure 3 presents the evolution ofRwp with the rotation angleψ which was varied between 0
and 180◦, in increments of 4◦. The initial C60 orientation ofψ = 0◦ corresponds to that of the
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Figure 2. The crystal structure of polymerized Na2RbC60, as determined by the present neutron
diffraction study. The fullerenes form polymeric chains connected by single C–C bonds with an
inclination of 7.7◦ to thec axis of the monoclinic cell. Na+ and Rb+ ions are depicted as small and
large spheres, respectively.

standard orientation, located at the origin of an orthorhombic cell defined by the relationships:
ao = cm, co = bm and (ao/bo) = tan(θm − π/2). The refinements were stable throughout the
ψ-range with a deep minimumA in Rwp(= 5.61%) evident at an angleψ = 82± 1◦. At this
angle, the relative orientation of the molecules is such that pairs of carbon atoms, located on
thec axis, from neigbouring fullerenes are brought in close proximity. Another well defined,
but more shallow, minimumB with Rwp = 6.53% is also observed at an angleψ = 64± 1◦.
The precise position of the two minima was established by a set of smaller stepwise rotations
in increments of 1◦. The appearance of a secondary orientational state (B) may be indicative of
molecular disorder in the polymeric phase of Na2RbC60, which warrants further investigation,
especially on the grounds of the intrinsic orientational disorder present in fulleride solids.

Subsequent two-phase Rietveld refinements of the 2.5 K neutron diffraction profile were
performed with starting coordinates for C3−

60 corresponding to theψA ∼ 82◦ orientation of the
C60–C60 linear arrays. These resulted in excellent quality fits (Rp = 3.23%,Rwp = 4.28%,
Rexp = 2.46%) [15]. The results of these Rietveld refinements are plotted in figure 1 and
selected structural parameters for the monoclinic and primitive cubic phases of Na2RbC60

derived from the present analysis, at different temperatures, are presented in table 1. The
incomplete nature of the transition is clearly apparent, as at all temperatures the monoclinic
phase is dominant with the frozen-in volume fraction of the primitive cubic tending to gradually
increase at elevated temperatures. This is in agreement with our earlier observations which
also revealed the existence of hysteresis [16], as this slow transformation showed different
onset temperatures in the course of cooling (Tpc→m ∼ 250 K) and heating (Tm→pc ∼ 270 K)
sequences.
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Table 1. Final structural parameters for Na2RbC60 derived from two-phase Rietveld refinements
of the neutron data at 2.5, 100 and 200 K.Biso(C) is the isotropic temperature factor for the carbon
atoms. In the monoclinic cell, C60 is located at the 2a (0, 0, 0), Na at the 4e (x, y, z), and Rb at
the 2c (1/2, 0, 0) sites. In the primitive cubic cell, C60 is located at the 4a (0, 0, 0), Na at the 8c
(x, x, x), and Rb at the 4b (1/2, 1/2, 1/2) sites.

T = 2.5 K T = 100 K T = 200 K
Counting time = 22 h Counting time = 14 h Counting time = 9 h

Polymer Phase
Space group P21/a (cell choice 3)
a (Å) 13.707(2) 13.705(2) 13.710(3)
b (Å) 14.466(2) 14.495(2) 14.520(3)
c (Å) 9.366(1) 9.363(2) 9.358(2)
β (◦) 133.64(1) 133.60(1) 133.56(1)
% content 70.7(1) 66.3(1) 68.4(1)
Fullerene orientation ψ ∼ 82◦ ψ ∼ 82◦ ψ ∼ 82◦

Biso (C) (Å2) 1.27(7) 1.18(8) 1.41(8)
Bridging carbon & C4–C4: 1.70(7) Å
‘on-ball’ neighbours C4–C3: 1.54(5) Å

C4–C12: 1.50(5) Å
C4–C14: 1.42(8) Å

Cubic phase
Space group Pa3̄
a (Å) 14.0163(8) 14.0254(10) 14.0399(13)
% content 29.3(1) 33.7(1) 31.6(1)
Biso(C) (Å)2 3.44(16) 1.82(18) 2.31(23)
Major fullerene orientation & φ ∼ 98◦ φ ∼ 98◦ φ ∼ 98◦

% fractional occupancy 0.8 0.8 0.8

Rwp (%),Rexp (%) 4.28, 2.46 4.61, 3.06 5.19, 3.99
RBragg (%)—polymer phase 3.99 5.57 5.40
RBragg (%)—cubic phase 3.08 4.02 3.57

The refinement results presented in figure 1 and table 1 were derived following an
exhaustive series of Rietveld refinements in which the molecular orientation and geometry
of the C60 units were systematically varied. Our methodology is presented in detail below.
The work was carried out using the diffraction profile at 2.5 K for which we had the best signal
to noise ratio, and then applied to the datasets at higher temperatures. First we explored the
significance of the secondary minimum inRwp atψB ∼ 64◦ (figure 3). A series of Rietveld
refinements was performed in which it was assumed that both fullerene orientations with
ψA ∼ 82◦ andψB ∼ 64◦ were present simultaneously. Allowing the relative fractionsηA and
ηB to vary in the course of the refinement led to no statistically significant improvement inRwp
with ηA converging to a value of 0.972(7). As a result, we conclude that there is no evidence
for a partially disordered structural model. In all these Rietveld refinements, the major and
minor fractions of C3−60 orientations in the primitive cubic phase were kept constant at the value
of 80% forφ ∼ 98◦ already reported in the literature [1, 14, 17, 18].

3.2. Bridging and frontier carbon atom geometry

Having established the absence of orientational disorder in the monoclinic phase, we turned
our attention to the issue of chemical bonding in Na2RbC60, as implied by the short lattice
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Figure 3. Variation of the weighted profileR factor (Rwp) for the Rietveld refinement of the
neutron data of Na2RbC60 at 2.5 K as a function of the anticlockwise rotation of the C3−

60 ions about
the [001] direction of the monoclinic cell (space groupP21/a).

constant of 9.37 Å. In the beginning, we employed an undistorted structural model for the
C60 units with alternating short (1.39 Å) and long (1.45 Å) C–C bonds. Bearing in mind the
short interball separation along thec axis, we attempted to define as accurately as possible the
position of the frontier C atom (C4) which was the most likely to be involved in the bonding
interactions along thec axis. In the beginning, we assumed an interfullerene close contact,
C4–C4= 1.55 Å, close to the ideal sp3 bonding configuration postulated by local density
functional (LDA) calculations [19]. We then allowed this carbon atom to move first only
along thec axis in order to test the magnitude of the closest C–C contacts. In the course
of these refinements, we constrained its position so that the C4–C4 distance did not exceed
1.6 Å, the single C–C intermolecular bonding distance in the (C59N)2 dimer [20]. This did
not result in statistical improvement ofRwp, but it provided a good starting point to explore
the effect on its nearest neighbour carbon atoms (C3, C12, C14). We thus attempted to refine,
in a stepwise fashion, the fractional coordinates of the three nearest neighbours of C4, while
keeping the rest of the C60 shell as a ‘rigid body’ and the distance C4–C4= 1.60(5) Å.
Stable refinements were quickly achieved with this fully ordered model, while improvedR

factors were obtained when the bridging carbon C4 was also allowed to move freely away
from thec axis—Rwp decreased from 5.71 to 5.61% [21]. The intermolecular C4–C4 bond
tended to become somewhat longer, converging to a value of 1.70(7) Å. At the same time,
the C4–C4 bond was now inclined by 7.7◦ with respect to theac plane. The on-ball C–
C bond distances converged to values of C4–C3= 1.54(5) Å, C4–C12= 1.50(5) Å, and
C4–C14= 1.42(8) Å(figure 4).

Following this, we allowed the C4–C4 bond to move on thebc plane by rotating the
fullerene molecules about the [100] direction of the unit cell, while keeping the interchain
contacts at the optimum orientation angle ofψ ∼ 82◦. In figure 5, we present the values
of the weighted profileR factor, as monitored during the stepwise rotation of C60 anions
by an angle,ε in both a clockwise (negative values) and an anticlockwise (positive values)
manner. The additional left-hand side vertical axis displays how the intermolecular single
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Figure 4. Geometry of the frontier (C3, C12, C14) and bridging (C4) carbon atoms on adjacent
fullerenes, showing the optimum orientation and distortion of the molecules along the direction of
polymerization (c axis).

C–C bond (dC(4)–C(4); open ‘triangle’ symbols) varies when the C4 contact carbon atoms
on neighbouring fullerenes move away from each other. At the same time, the right-hand
vertical axis also shows the variation of the inclination angle (full ‘diamond’ symbols) of this
bond with respect to the shortc axis. It was found that rotations even by small increments
(0.3◦) of ε lead to statistically significant deterioration of the quality of the refinements.
The minimum inRwp is attained for a C4–C4 bond length of∼1.7 Å and an inclination
of about∼7.7◦ from thec axis within thebc plane, thus setting an upper limit for this bonding
distance.

3.3. Dopant alkali ion optimized environment

We now turn our attention to the optimized geometry of the alkali ions (A+) with respect to
the C3−

60 molecular orientational state. Initial refinements were performed with Na+ placed
in the pseudo-tetrahedral (0, 1/4, 1/2) interstice. Subsequent refinements allowed it to move
to the general 4e position with coordinates (−0.018, 0.266, 0.482). This displacement led
only to a marginal improvement in the quality of the fit, but it was in agreement with the
predictions of the LDA calculations [19] for the relaxed Na2RbC60 geometry. The large
isotropic temperature factor for Na+, of the order of∼10 Å2 even at 2.5 K, suggests the
existence of static disorder, possibly related to steric crowding. In addition, the number of
nearest C neighbours of Na+ is reduced to eight in the polymer phase from 12 found in the
orientationally ordered primitive cubic phase (figure 6(a)). In theψA ∼ 82◦ orientation, the
C3−

60 ions have rotated in such a way that each Na+ coordinates optimally to three 6:5 C–C
bonds (fusing hexagons and pentagons) and one 6:6 C–C bond (fusing two hexagons). This
kind of arrangement is reminiscent of that found in the minor configuration (φ ∼ 38◦) of
fulleride anions in the primitive cubic structure, in which Na+ coordinates to three 6:5 fusions
as well as to the C atoms of a hexagonal face [1]. The shortest Na+–C3−

60 approach is∼2.50 Å,
somewhat smaller than the sum of the van der Waals radius of C (1.65 Å) and the Na+ ionic
radius (0.95 Å), but the average Na+–C distance is∼2.75 Å (figure 6(a)). Finally, the Rb+

ions which occupy the octahedral holes are coordinated to four 6:5 and two 6:6 C–C bonds of
the six neighbouring fulleride ions. This results in little steric Rb+–C crowding as the closest
contact is∼3.30 Å (figure 6(b)).
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Figure 5. Dependence of the reliability factor,Rwp (open circles) of the Rietveld refinement of
the 2.5 K neutron diffraction data of Na2RbC60 on clockwise (negative values) and anticlockwise
(positive values) rotations of C3−60 ions by an angleε about the [100] direction of the monoclinic
cell. The additional left-hand side vertical axis shows the accompanying variation of the bridging
C–C bond (dC(4)–C(4), open triangles) and the right-hand vertical axis that of the inclination angle
(full diamonds) of this bond with respect to thec axis.

3.4. The differing structural behaviour of RbC60 and Na2RbC60

The origin of the differing structures adopted by RbC60 (chains bridged by two C–C bonds)
and Na2RbC60 (chains bridged by one C–C bond) has generated considerable interest [8]. A
recent microscopic theory of the phase changes in RbC60 [22] has identified two competing
orientations for the low-temperature structure when rotations,8 about the cubic [110] axis are
considered, one corresponding to the formation of a doubly bonded polymer at8 = 45◦ and the
other to the formation of singly bonded dimer (or polymer) at8 = 9◦. We have argued before
that the origin of the differing structural behaviour between RbC60 and Na2RbC60 is strongly
associated with the different charged states of the fulleride ions [9]. In C−

60 salts, the presence of
a single unpaired electron per ball allows only the formation of dimers, with polymer formation
occurring via a different mechanism, namely a [2 + 2] cycloaddition reaction. However, in the
case of C3−60 salts, the availability of additional electrons allows the bridging of each fulleride
unit with two nearest neighbours through single C–C bond formation, leading to a polymeric
structure. Comparative studies of the stabilities of a variety of bridging structures for C−

60

and C3−
60 have confirmed these arguments [23, 24]. The present structural determination also

reveals a steric factor that appears to disfavour the [2 + 2] cycloaddition route for polymer
formation in Na2RbC60. If Na2RbC60 were to adopt a structure similar to that of the RbC60

polymer, Na+ would encounter severe steric crowding, as the shortest approach between C3−
60

and Na+ is now of the order of∼2.35 Å (the average Na+–C distance is∼2.65 Å) and as a
result the formation of the singly bonded polymer is accompanied by considerable steric relief.

An additional difference between the polymer phases of Na2RbC60 and RbC60 arises
from the different precursor phases. The RbC60 polymer is formed atT < 400 K from the
orientationally disordered face-centred cubic (fcc) rocksalt (space groupFm3̄m). On the other
hand, the Na2RbC60 polymer forms from the orientationally ordered primitive cubicPa3̄ phase
at much lower temperature,∼250 K. Quasi-free molecular rotations in the fcc precursor phase
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(a)

(b)

Figure 6. Coordination environments of (a) the Na+ ions in the tetrahedral and (b) the Rb+ ions in
the octahedral interstices of the monoclinic structure of Na2RbC60 for the optimum interfullerene
orientation atψA ∼ 82◦. The bridging C4 atoms and their on-ball neighbours (C3, C12, C14) are
also labelled.

of RbC60 allow frequent optimal contact between fullerenes for polymer formation through
[2+2] cycloaddition. This contrasts with the extremely slow kinetics exhibited by the monomer
→ polymer transformation in Na2RbC60. The primitive cubic precursor is characterized by
fullerene orientations in which 6:6 carbon bonds nest over pentagonal faces of neighbouring
molecules [1]. Carbon bonds can form during orientational jumps, as the fullerenes perform
small amplitude librational motion [25], but the resulting kinetics are extremely slow [26]
and the transformation does not go to completion with the monomer phase surviving to low
temperatures. One can also conclude that formation of additional C–C bridging bonds from
the orientationally ordered cubic phase will be even slower.
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4. Conclusions

In conclusion, high-resolution neutron powder diffraction has confirmed that at low
temperatures the ground state structure of Na2RbC60 is monoclinic, comprising singly bonded
polymeric chains of C3−60 units. The monomer→ polymer transition is incomplete with a
sizeable fraction of the cubic phase (∼30%) surviving to low temperatures. We find that
the bridging C–C bond distance refines to∼1.7 Å, somewhat longer than a typical covalent
single bond but still implying a bonding interaction between neighbouring fulleride units.
Furthermore, the C–C bridge is not perfectly aligned with thec axis and is inclined by∼7.7◦

with respect to it within thebc plane of the monoclinic cell. The Na+–C3−
60 interaction is also

optimized for the adopted orientation (ψA ∼ 82◦) of the fulleride ions; the coordination of the
Na+ ion, which resides in distorted tetrahedral interstices, is reduced from 12 in the primitive
cubic to eight in the monoclinic phase with steric crowding significantly relieved. While
electronic considerations are paramount in selecting the particular structural type of bridging
geometry adopted for different charge states of the Cn−

60 ions, we find that geometric factors
related to the fulleride orientational state in the precursor monomer phase and the location of
the intercalated alkali ions also play a sensitive role in the determination of both the ground
state geometry and the kinetics of the transformation.
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