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NMR and high-resolution x-ray diffraction evidence for an alkali-metal fulleride with large
interstitial clusters: Li 1,Cgq
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NMR and high-resolution x-ray diffraction of several lithium-doped fulleridegCk4 show that the stoichi-
ometryx=12 represents a stable Li doping for a high symmetgyliRe phase, which might extend to much
largerx. Li;,Cqq is fcc at high temperature, and it distorts to tetragonal upon cooling. We have evidence from
13C NMR that the @, units are static in the tetragonal phase at least up%®873 K. Rietvelt refinement of
the fcc phase favors a hybrid cluster intercalated structure with shortening of selected Li-C distances.
[S0163-182699)00414-3

The intercalation of fullerene by large radius alkali metals Early in the history of fullerenes Kohanoét al.,’ based
(A=K,Rb,Cs; ionic radii=1.33,1.47,1.67 A, respectively on Car-Parrinello first-principles molecular-dynamics calcu-
yields salts of stoichiometry A,Cgo (x=1,3,4,6; A lations, proposed that LiCgy could be a stable, highly sym-
=K,Rb,Cs). Among these compositions both superconductmetric fullerene cluster, a “superfulleroid,” with the 12 Li
ors (x=3) and magnetic materialsx1) are found. The ions coordinated with the 12 pentagonal faces gf thus
structure of all of these compounds, with the only notablepreserving the icosahedrg] symmetry. This prediction was
exception ofA;Cq in the low-temperature phases, can besupported by mass spectroscopy observations @§Ckd
rationalized in terms of rigid spheréthe alkali-metal ions among the different LiCs, clusters produced in the gas
progressively filling the voids of the pristine cubic fullerene phase® To the best of our knowledge no subsequent experi-
structure. The pseudocubic lattice constant expands to amental confirmation was given about the stability of the
commodate the larger radius alkali metal. A natural limit inLi;,Cgq cluster in the solid state.
the doping level is reached &t=6 due to the complete oc- Li is the least studied among alkali metals as fullerene
cupancy of the voids of the cubic structure. dopands, due to preparation difficulties posed by the very

There is renewed interest in small radius alkali-metal ful-low vapor pressure of Li (I0° torr at T=200°C, com-
lerides since the observation of superconductivity inpared to 104 torr for Na). Alternatives to the inefficient
LixCsGso (3<x<4).! Li and Na (ionic radii=0.63,0.97 A,  production by vapor transport of Li to theggphase are
respectively may also yield phases with higher alkali-metal represented bya) reaction in liquid ammonia, angb) ther-
content, due to the tendency to form metallic clusters locateghal decomposition of alkali-metal azides. We have em-
in the voids of the pseudocubic fullerene structure, as is thgloyed the latter technique, since the former inevitably
case of NaCg.>® In binary doped fullerides as leaves traces of ammonia trapped in the solid, originating
AA;_,Ceo (A=Na,Li, A'=K,Rb,Cs) sodium and lithium structural distortions.
have the tendency to move from the center of the voids to The samples were prepared by mixing and pelletizing
partially coordinate with the £ electronic cloud, as it was stoichiometric quantities of purifiedggand Li azide LiN in
shown by NMR (Ref. 4 and synchrotron-radiation an Ar glove box. The pellets were sealed in an iron foil and
diffractior® (SRD) in Na,RbGCs, and by SRD(Ref. 6 in placed in high dynamic vacuum. The azide was decomposed
Li,CsGsp. by a very slow temperature ranip K/h), the decomposition
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FIG. 1. Left: C NMR spectrum of Lj,Cs at T=373 K. 20 (degrees)

_FIG, .
Right: "Li NMR spectrum of Li,Ceo at RT. FIG. 3. Diffraction pattern aff=553.0 K, A =0.652924 A

(dotg, its Rietveld refinementline) and residuegqvertical bars

mark the Bragg reflectionInset: expanded high angle region.
reaction LiN;—Li+ 3N, being monitored with a vacuum

gauge. The crystallinity was improved by a moderate anneal-
ing (typically 6 h at 550 K; neither longer times nor higher T _ . -
temperatures produced further improvement. Preliminarym(i.t""lI'f[:hl‘I IS eprect(?[d dl(—93t0dppm. Thtlsnl.s ? clear indi-
characterization was performed at room temperature on ation af(a) Liis no segregated in a metalic form, afto

It Li clusters are present in 14Cqo, they do not have metal-

Siemens D-500 diffractometer (8w radiation. The solid | ! ) L
state NMR experiments were performed in the temperatur%,lc character. Incidentally, no NMR signal from metallic Li is
ound up to the highest studied doping leve}qg.

range 110-373 K on a Bruker CXP200 spectrometé . :
:497 ) ! sP b ( Figure 2 shows the low 2 portion of the room-

dtemperature(RT) diffraction patterns from different LCqq
on the beam line BM16 of European Synchrotron RadiatiofPOMPositions collected on BMlG‘. Note the 5|mllar|ty be-
Facilty (ESRP operating at fixed wavelength[\ tween the patterns of LCoo and LhoCeo, bOtho showing a
=0.652924(2) A from standard Si calibratipiThe sample smgle_(l,l,]) pseudocgblq ref'ec“"r_‘ atﬂ%_é_l.G , although
temperature was stabilized-0.1 K) either in cold nitrogen with s'llghtly different Q|str|but|on of mtensmgs between low
or in a hot air flow, and the capillary was spun around itsand high a_mgle reflecthns. ThebCe pattern instead shows
axis to average out the effect of preferred orientations. Dat& composite structure in place of the05|ng£e1,1) peak and
were simultaneously collected by an array of nine detector§&0r d|fferenc_es in the @ region 8'.5 ._10 : LdCeo shows
separated by 2° each, which continuously scanned the oa completely different pattern. Preliminary Iaborato_ry X-ray
region of interest. Data were subsequently rebinned, reg|ffractograms cqllected on J&Ceo.for 1gsxs24, are iden-
summed, and normalized with ESRF software. tical to that of Li,Cgg. These_dlffractlon 'patterns.and the
We performed preliminary magnetic, NMR, and structural@osence of a bulk metglhc I|th|_um NMR 5|gn<'_;1l indicate that
characterization of a series of samples, focusing in particulalP” X=12 we have a single glike phase, while fox<12
on the composition LiCg. Superconducting quantum inter- W€ have lower symmetry phases and/or a mixture of phases.
ference devicdSQUID) magnetometry showed no trace of W_e never detected any excess Li escaping the ree}(xmben
either superconducting or magnetic order transitions down t§1iS happens the sample vessels become metallizeere-
4.2 K. Up to 373 K the®3C NMR spectrum(Fig. 1, left ore we assume that. all the=12 compositions are mdeed
shows the full chemical shift anisotrogbout 180 ppm formed. In the following we have focused our attention on
typical of static fullerides, indicating that theggrotational € Sole LizCeo.
dynamic is frozen on the NMR time scale. The diffraction pattern collected on BM16 &t=553 K
The 7Li NMR spectrum at room temperatur@ig. 1, can be indexed in face-centered cubic symmEemBm (fcc)
right) consists of a single narrow resonance, with full width (Fig. 3. The regions 13.25%26<13.50° and 20.70226
at half maximum of 11 ppm and a line shift ¢f3 ppm with ~ <21.60° contain narrow impurity peaks, excluded from the
respect to the LiCl:aq resonance. The shift is characteristic cinalysis. TherROFIL (Ref. 9 suite of programs was em-
Li nuclei in nonmetallic states. No further signal is detectedployed, with a modificatiotf which models the g, scatter-
in the spectral region extending up to 1500 ppm, while bulking density in terms of symmetry adapted spherical harmonic
(SASH) functions!! The m3m symmetry of the @ site in

The high-resolution diffraction experiment was performe
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FIG. 2. BM16 Diffraction patterns at room temperature on FIG. 4. Left: The structural cell af=553 K (c is the vertical
(from bottom to top LigCgq, Li1gCsp, Li1sCso, and Li4Cqo. Note  axis). Cg: larger spheregradii not to scalg Li: filled circles.
the similarity between the patterns of,}Cs and Li;,Cqp, and the  Right: fitted SASH model of g unit with Li atoms in sites 32and
splitting of the(1,1,)) reflection at #=4.6° in Li;oCqp- 24e (white and black filled circles, respectively
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the fcc lattice implies that only the SASH function coeffi-
cientsC, , with 1=0,6,10,12 and’=1 (plus the term with 8000
=12 andv=2) are nonzero. The=0 term corresponds to
the spherical contribution. Different models were tried, both
with the superfulleroid structufeand in the class of the in-
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tercalation compounds with an alkali-metal cluster in the oc- L DT ————
tahedral void, in analogy with NgCqo.2 e A —
Considering the rotational disorder of botgy@nolecules 26 (degrees)

and Li atoms in the superfulleroid structure, its refinement is FIG. 5. Diffraction pattern of LiCe at T=293.0 K, A
implemented by quellng theigiunlt as_a Slmple.sphere =0.652924 A (dots with its LeBail fi2t (ﬁ?ne) and the residues
centered at the origin of thEm3m cell, with a starting ra-  (pelow, with vertical bars at the Bragg reflectipnimset: expanded
dius value ofR=3.55 A. The 12 Li atoms are placed on high-angle region.
second concentric sphere with a starting radis5.1 A,
such that the C-Li distance is the same as in the superful-
leroid model’ Both the two radii and the Li occupancy were  Another interesting feature of this model is that there is an
varied in the fit procedure. This model gave invariably a poorexcess carbon density on theyGphere in the directions
fit (Ryp=19.3% R, =8.1% Rey,=2.4%). pointing towards all the Li sites and a minimum carbon den-
We obtained much better results with an intercalationsity in the(1,1,1) direction corresponding to zero occupancy
structure. Figure 3 shows the best fiR,(,=10.9%R,  for the (;,7,7) tetrahedral site. This is an indication of the
=6.9% Rexp=2.5%), obtained in theFm3m symmetry ~ presence of attractive C-Li int_eraptions. Mo_reover the Li ion
shown in Fig. 4, with the § units modeled as symmetry N }hei site 24 (black spheres in Fig. 4, fractional occupancy
adapted spherical harmonic functiofSASH) of radiusR ~ =2) iS just 0.8 A apart from the nearestunit, thus
=3.559(2) A, centered ina (0,0,0. This value ofR is stro_ngly suggesting the eX|sten_c_e of_a Li-C t_)ond in t_h|3 di-
larger than that found in neutralgg R=3.54296),12 but rection. On the contrary the Li ion in the site f32white

: - o heres in Fig. {is 2.2 A distant from the next g unit,
fully consistent with the radiu®k=3.556(4) (Ref. 6 of Sp : o -
Li,CsCyy. It is indicative of a lengthening of the double excluding the presence of a bond for Li in this site. The Li-Li

istances, ranging from 2.7 A for (1)-Li(3), to 3.9 A
lr)noorllgiu?; a consequence of the charge transfer ontogfe c?or Li(1)—Li(3), exclude the presence of Li-Li bonds.

i - Inspection of the profiles collected at temperatufie
The best fit SASH coefficients are€C,,=1.0Cq; Spectl profiles peraturies

_ _ - ; <523 K shows a splitting of the pseudocubic reflections
=0.03g4),C40,,=0.226(27). The coefficients of higher or- \ nich can be indexed in tetragonal symmetry. The splitting
derCy,, have little effect on the quality of the fit, hence they jncreases as the temperature is lowered. Starting the fit from

were fixed to zero. The resulting density of carbon onthe C 5 cupic cell of lattice parametea’, we have chosen the
sphere(see Fig. 4, right panglis maximum in the lattice  tetragonal unit cell witta=a’/y2,c=a’. This choice iden-

directions(1,0,0 and (3,3,1), while it is minimum in the tifies directly the parametea with the closest distance be-
(1,1,9 direction which points towards the tetrahedral void.tween the G units.

In Li,CsG,° vice versathe negativeC, ; value implies an All detected low-angle reflections follow the ruléa€k _
excess of carbon density in tli&,1,1) direction, which cor- +1=2n), although a few exceptions are found at high
responds to Li ions residing in the tetrahedral void. angles [namely (4,2,) at 26=17.18°, (5,1,) at 26

The Li ions are localized in a cluster located at the octa-=19.56°]. This suggests a small distortion of the bet cell
hedral void, while the tetrahedral voict8efines to zero Li towards primitive tetragonal, possibly by a displacement of
occupancy[N=—0.5(5)]. The refined Li sites argi) the the Gy unit from the symmetric{,3,3) site.

centers of the octahedral voids of the cubic strucfsiges

4b (3, 3, D] which refines to almost full occupanch e |
=3.2(2); (ii) the corners of a cube centered in the octahedral ] - m = g E
voids [sites 32f (x,x,x) x=0.662(1) which refines to full = " e n b
occupancy 3@); (iii) the centers of the faces of the above- 7 .1 - 5
mentioned cubgsites 24 (3,3,y) y=0.690(1), with partial 5 ] -:;693' e . g
occupancyN=11.37). g 1410 § 0,1 at a I

The isotropic thermal displacement, fitted as a single 13 . A ;
common value for all the Li atoms, iBj,=6.6(1.2) A? e T I T T a -
[the isotropic mean-square displacemenufs=B/(872)]. 3 14.00 T(K) A L
The total refined Li occupancyl1.65) Li per Cyy unit] is T A A 4 '
consistent with the nominal stoichiometry;kCq;. 13.95 11—

We note that the partial random occupancy of sites 24 100 200 _300 400 500 600

. . ) T ture (K}
may allow the accomodation of more than 12 Li atoms in the emperatire

lattice without an appreciable change in lattice parameters. FIG. 6. Temperature dependence of the,Ci, lattice param-
This is in agreement with the observed similarity among thestersc (squaresanda, scaled byy/2 (triangles; Inset: unit volume
diffraction patterns fox=12. (A 3) as a function of temperature.
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Figure 5 shows the room-temperature profile of,Ci,  garded as the fullerene-alkali metal compound with the high-
together with its best fit by the LeBaflpattern decomposi- est G volume packing.
tion technique with pseudo-Voigt peak functiofia=b In conclusion we have shown that Li doping of fullerene
=9.894(1) A, c=14.209(1) A, quality of the fit:Rup results in a single pha}se 400 fqr x= 12. The upper limit
=12.89%, R, =3.7%, R,=0.3%]. The shoulder on the for the existence of this phase is still to be investigated, but
low angle,sigépof the(ll 1, reflection at =4.60° is not we have evidence that it lies aboxes 24. Li;,Cgo has cubic
uncommon in fuIIerené diffraction patterns and may be assymmetry at 553 K and distorts to tetragonal symmetry upon

X . . s cooling. We have NMR evidence that thg @inits are static
cribed either to stacking faults or to a minority hexagonal;, ihe tetragonal phase at least upTte 373 K.

phase. There are a couple of small narrow impurity peaks at The structure of Li-Cgq is that of an intercalation com-
26~13.5° and 2~20.9° similar to those found at higher pound with all the Li ions concentrated in the octahedral
temperatures. They were excluded from the analysis. void of the fullerene pseudocubic structure. We have strong
The temperature dependence of the lattice parameters ainttications of coordination between most of the Li ions and
the unit-cell volume extracted by the LeBail technique arethe carbon density on the nearesf, @nit. The emerging
shown in Fig. 6. Although the LeBail it is clearly not a full picture at high temperature is thus of an hybrid between the
structural refinement it allows a reliable determination of theSuperfulleroid clustérand a conventional intercalation com-
cell volume both at low and at high temperature,,Ci, has ~ PoUnd such as 4Ceo. A simple superfulleroid model is
a much smaller unit volume thang(V=710 A3%),%Z and ruled out by our reﬂnements at=513 K, alth_ou_gh this
the A,Ceo (€.9., V=724 A% in K4Cso).2* A similar reduced cpuld just t_)e due to a hlgh—tem'perature d|SSQC|at|on, or pos-
value is found in LiCsGy, (V=697.0 A3 at RT)® where the S|t_>l)_/ to solid state effects on this cluster, not included in the
Cs" cations occupy the large octahedral void and the smafPriginal calculation’

Li™ cations reside in the tetrahedral voids. The reduction of The authors gratefully acknowledge the BM16 stéfic

V with respect to g, may be due to the electrostatic attrac- Doorhyee and Andy Fitghfor invaluable experimental help,
tion between G~ anions and the alkali-metal cations. The Wanda Andreoni and Kosmas Prassides for useful discus-
same phenomenon should take place also inA§@s, salts  sions, K.P. also for providing us with the code for the SASH
(A=K,RDb,Cs) where it is however contrasted by the stericanalysis, Fulvio Bolzoni for the SQUID measurements, and
hindrance due to the large cations; s, may then be re- Marco Fontana for continuous support.
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