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13C and #*Na NMR studies of NaCg, and NagCq fullerides

F. Rachdi, L. Hajji, and M. Galtier
Groupe de Dynamique des Phases CondesisgniversiteMontpellier 2, Place E. Bataillon, 34095 Montpellier, France

T. Yildirim and J. E. Fischer
Laboratory for Research on the Structure of Matter, University of Pennsylvania, Philadelphia, Pennsylvania 19104

C. Goze and M. Mehring
2. Physikalisches Institut, Universitat Stuttgart, Pfaffenwaldring 57, D-70550 Stuttgart 80, Germany
(Received 26 March 1997

We report on'3C and?*Na NMR measurements on b2, and NaCg, compounds. The room-temperature
13C NMR spectra of NgCq, and NaCqso Samples present a narrow isotropic line at 172 and 176 ppm, respec-
tively. The NgCgo resonance is shifted 20 ppm more down field than the resonanég€gf compounds with
heavier alkalis, indicating a partial charge transfer to the threefold degemngyétgel which is totally filled in
the latter compounds. Th&Na NMR spectrum ofA,Cqo shows one line at 73 ppm and the oneAyCq
presents two lines at 73 and 147 ppm. The intensity ratio of the latter lines is about 2:1. According to
previously reported x-ray data we attribute the line at 147 ppm to the Na tetramers in the octahedral sites and
the line at 73 ppm to the Na cations in the tetrahedral ones which are singly occupied.
[S0163-182807)07137-3

I. INTRODUCTION action. We estimated the actual Na concentration in the
obtained samples by titrationx€2,6). All samples have
Alkali-metal fullerides have attracted large scientific in- been characterized by x-ray diffraction.

terest due to their remarkable chemical and physical proper- NMR spectra were recorded atC frequency of 50.3
ties. For smaller ions such as Na, the alkali intercalationHz (4.7 T field and a®Na frequency of 105.8 MH9.4
compounds have a unique characteristic. Firssgyadoes T field) on Bruker ASX 200 and ASX 400 spectrometers.
not supercondutt and second the small ionic radius permits The NMR signal was obtained as the Fourier transform of
intercalation of clusters of up to 8—9 Na ions into the octa-ne free induction decay after a/2 rf pulse. All °C reso-
hedral sites, yielding compounds withup to 117 X-ray = pances were referenced to tetramethylsilfeS) and the
analysis indicates that Na fullerides preserve the fcc of th@sNa ones to a 0.1 M NaCl solution. We have applied magic
host .Iattice contrary to thé,Ceo (.X>4). compounds with angle spinning(MAS) by using a home-built NMR probe
heavier alkalis, where the alkalis cations expand the fc%ead and a specially designed spinner which allows to spin

structure of the host pristineggand distort it into a bct or he ai o les i led b ith f
bcce structure with single occupation of both tetrahedral ancﬁ 1€ ar sensitive samples in seale NMR tubes wit requen-
cies up to 3.5 kHz. Approximately 40 mg of each studied

octahedral site$.In this paper we present clear evidence, ! .

using ZNa NMR of the formation of Na tetramers in the compound was filled in the NMR tube.
octahedral sites and single occupation of tetrahedral ones in

NasCso compounds. In N#g, the single occupation of the

tetrahedral sites and the absence of sodium in the octahedral 1. RESULTS AND DISCUSSION

ones is also evidenced. These results are in quite good agree-

ment with x-ray data. Our *C and ?>Na NMR measure- In Fig. 1 we present room-temperatul%c NMR spectra
ments also indicate incomplete charge transfer ipYa  of Na,Cgo. The static spectrum shows a line with an axially
compounds, contrary t#sCeo (A=K, Rb, and Cj ful- symmetric shape, indicating that thgj@nolecules reorient
lerides. rapidly about a given symmetry axis. The chemical shift ten-

sor components derived from the static spectrum are
0, =176.8 ppm andr;=157.9 ppm. It was reported earlier
that Gy, molecules in NazCgg compound rotate about the
The Na intercalation into § using a vapor transport [111] axis® We believe this model to apply to BMag, be-
method has been described previousBriefly, reactions cause the NaCg, corresponds to a mixing of N@g, and
were carried out in evacuated oxygen-free high conductivitypure pristine G, as we have checked and as has also been
copper tubes, which are readily vacuum sealed by swagingecently reported.
We prepared several samples using predetermined amounts The 3C MAS NMR spectrum shows an isotropic line at
of Cgp and Na. We used higher annealing temperatures anti72 ppm and no other signals were observed indicating the
longer times than usually needed fog,Gntercalated com- absence of other phases in our sample. The isotropic line at
pounds. Great care was taken to prevent direct contact bd-72 ppm is about 28 ppm more paramagnetically shifted than
tween molten sodium andggpowder during the doping re- the pristine G line (143.6 ppn), due to polarization of the
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FIG. 1. Room-temperatur€C NMR spectra of NgCqq: (a) the
static spectrum antb) the MAS NMR spectrum with spinning the

sample at 3.2 kHz.
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spectrum presents a chemical anisotropy ex{&ot ppm
which is small compared to that of the saturated compounds
with heavier alkalig300 ppm.®° This indicates a significant
motional narrowing in the Nfg,, contrary to the latter com-
pounds where the ggmolecules are totally blocked. We cal-
culated chemical shift tensor components of the statyCila
spectrum and foundr;;=165.1 ppm,o,,=175.4 ppm and
033=185.6 ppm which indicate an orientationally disordered
phase.

The 3C MAS NMR spectrum shows an isotropic line at
176 ppm which is 20 ppm more down field shifted than in
AsCeo (A=K, Rb, C§ compounds. This shift reflects a
strong polarization of the transferred electrons and a weaker
charge transfer to theggmolecules in NgCqq in agreement
with Raman results which show that the shift of the(2g
mode is smaller than that &¢Cqo by 5 cm .19 Accord-
ing to our ESR datésee the inset of Fig.)Zhe thermal spin
susceptibility behavior is of Pauli type in the temperature
range of 100 to 300 K and also the linewidth shows a linear
increase with temperature in the same range. This result
seems to indicate that Nag, is metallic at least in the in-

transferred electrons on the carbons. This is in accordanogestigated temperature range, contrary to the previously re-

with reported ESR results on Mas, which show a signifi-

ported photoemission data indicating an insulating behavior

cant electrons spin magnetization at room temperature due tf this phasé? NMR measurements of the thermal relax-

a singlet-triplet equilibrium of the spin state of the dianidns.

Figure 2 shows"3C NMR spectra of NgCso at room tem-
perature;(a) the static spectrum an) the MAS spectrum

ation are in progress in order to check this assumption and
will be published elsewhere. Also, we think that the observed
large paramagnetic shift of the isotropic line ofd8g, is due

with spinning the sample at 3.2 kHz. The observed powdeto a strong polarization of the conduction electrons on the

v
v
2.5 - v - 25
o) v
5 204 s 20
g ~ v A E g
v o}
%1.5— . 15€
z . 3
» 1.0 ~ v A 10
Ay
v
13C NMR a
05 | v v a o5
NaeCeo s a 4 ¢ YV wvYy v v oy ¥
. FIG. 2. Room-temperatur€’C
T T T NMR spectra of NgCey: (@) the
0 50 100 150 200 250 300

w

MAS
3.2KHz

1
250 200 150

ppm

Temperature (K)

100

static spectrum an¢b) the MAS
NMR spectrum with spinning the
sample at 3.2 kHz. The inset
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FIG. 3. #Na static NMR spectra of N&g, and NaCg, com-
pounds obtained at room temperature.
¢ | N I ' I ' 1 ! 1
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Ceo Molecules. In contrast, as we reported earlier, the ob- ”s ppm
served small shift of the isotropic lines of th&Cgy (A FIG. 4. “Na static NMR spectra of N&, obtained afa) 300

=K, Rb, C9 compounds which is only 13 ppm more para- K. (b) 360 K, and(c) 400 K.
magnetically shifted than the pristingg3esonance, is ratio-
nalized by considering the small energy gap between th
filled t4, states, highest occupied molecular orbitdOMO)
and the emptyt,4 states, lowest unoccupied molecular or-
bital (LUMO). According to second order perturbation
theory a Van Vleck paramagnetic shift should result which
depends inversely on the HOMO-LUMO gap.

8Iaim that the studied Na tetramers are strongly ionized in
good agreement with LDA calculatioh$However, contrary
to the latter calculations our results show lower charge trans-
fer to the Gy molecules compared to the saturated fullerides
were the alkali atoms are almost totally ionized. Al$d\a
NMR results show clearly that the sodium atoms in the oc-
Figur 3 shows &N sat MR speca of g and 1510 Sl 12655 i 1 e e e el
NasCgqo at room temperature. In the former spectrum only ' B)’/ heatlin% the NeC samr\;\lle ulnder vlacuum from 300 to '
one line appears at 73 ppm which is significantly shifted . 60 .

PP PP g y 400 K (see Fig. 4 a collapse of the twd*Na NMR lines

from the resonance of NaCl solution used as a standard re b d.and onl ? £120 £ 400 K
erence. The latter spectrum shows two lines one at the sal S Observed and only one fine appears at 120 ppm a '
e latter line is the average of the two lines observed at

ition h resonan n nd lin 147 SO . X : .
position as the Nis; resonance and a second line at ambient indicating an averaging of the inequivalent sites due

ppm. This result indicates the presence in the studied co 5 a rapid motion of sodium atoms under thermal treatment
pounds structure of two magnetically inequivalent sodiuml_ P! : >odlu una :
he observed behavior is totally reversible.

sites. From a deconvolution of the two lines in the;Gg
spectrum we found that the intensity of the line at 147 ppm is
twice that of the one at 73 ppm. According to the x-ray data IV. CONCLUSION

which suggestgd a single occupation of the t.etrahedral. Sites |n this paper, we confirm in accordance with previously
and tetramers in the octahedral ones, we attribute the line fbported x-ray data the presence of Na tetramers in the octa-
73 ppm to the sodium in the tetrahedral sites which argeqrg| sites in NeCg, and single occupation of the tetrahe-
equivalent in both systems and the one at 147 ppm to thg 5| ones in both studied compounds. We also showed the
sodium in the octahedral ones. Our results are a good conypsence of small metal particles in the former compound.
firmation of the previously reported x-ray data in the studied13c 5n423Na NMR results indicate clearly a weaker charge
compounds. As can be seen the observéda resonances transfer in Na NgCgo compared to the saturated compounds
are paramagnetically shifted with respect to the used diamagyith heavier alkalis. Work is in progress to investigate the
netic reference, suggesting the presence of residual charge b rma| relaxation and the molecular dynamics in these com-
the sodium in both tetrahedral and octahedral sites in thBounds and also the magnetic and electronic properties of

studied compounds. In the case of tetramers the observqgiaAC60 compounds withx>6 using NMR and ESR tech-
shift which is about 12% of the Knight shift of the sodium niques.

(K=1230 ppm) indicating a significant hyperfine coupling

of the sodium atoms in the octahedral sites with the residual

electrons on the Na clusters or with the polarized electrons

on the Gg molecules. Our NMR and ESR results indicate F.R. is grateful to W. Andreoni and M. J. Rosseinsky for
that the Na tetramers manifest no quantum size or surfaceelpful discussions. C.G. and M.M. would like to acknowl-
effects as should be expected in the case of small metal pagdge financial support by the Alexander von Humboldt foun-
ticles formation as we showed earlier in the zeolite NaYdation and the Deutsch ForschungsgemeinsckafG).
loaded with sodiunt?® Therefore, we can exclude the pres- J.E.F. acknowledges financial support by the U.S. Depart-
ence of small metal aggregates in the octahedral sites andent of Energy Grant No. DE-FC02-86ER45254.
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