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Electron Spin Density Distribution in the Polymer Phase of CsCgy:
Assignment of the NMR Spectrum
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We present high resolution '*3Cs-!*C double resonance NMR data and '*C-'>*C NMR correlation spec-
tra of '3C enriched samples of the polymeric phase of CsCyy. These data lead to a partial assignment of
the lines in the 3C NMR spectrum of CsC to the carbon positions on the C¢, molecule. A plausible
completion of the assignment can be made on the basis of an ab initio calculation. The data support
the view that the conduction electron density is concentrated at the Cq “equator,” away from the inter-

fullerene bonds.
PACS numbers: 71.20.Tx, 76.70.Fz

The electronic and magnetic properties of the alkali
intercalated fullerides, A, Ceo, are still only partly under-
stood. Thecase A = Rb,Cs, n = 1 has attracted particu-
lar interest [1,2]. Above ~350 K, ACq, adopts an fcc
phase with the Cq, molecules rapidly rotating. Anneal-
ing below this temperature yields an orthorhombic phase
where the molecul es polymerize along one direction [3—5].
Quenching through the transition point yields a phase with
Cgo dimers [6,7]. Below ~50 K there is a further transi-
tion to a magnetically ordered state, which has provoked
considerable debate [4,5,8—14].

The basic structural features of the polymer phase, such
asthe dimensions of the unit cell, Cg center positions, and
the 2 + 2 cycloaddition polymerization along the crys-
tallographic a axis are widely supported through x-ray
diffraction [3,4], neutron diffraction [15], Raman studies
[16—18], inelastic neutron scattering [19], NMR measure-
ments [20—23], and theoretical work [11,24].

However the degree of deformation of the Cq balls [25]
and the rotational orientation of the polymer chains are
less well characterized. Neutron diffraction [15] indicated
that the polymer chains are randomly oriented although
x-ray studies, especialy recent single crystal work [26],
implied that the polymer chains are uniformly oriented
with the cycloaddition planes at 45° to the crystal b and
¢ axes. With possible strong electron transfer transverse
to the chains [11], this type of structura detail is vital to
constructing agood maodel of the el ectronic properties[27].

NMR has proven a useful probe of structure and elec-
tronic properties both for the broader class of akali inter-
calated fulleride materials [28] and for ACq in particular.
The first NMR evidence for sp3 carbons and a broad spin
density distribution in AC4 came from '3C magic angle
spinning (MAS) NMR [20] which was followed by a num-
ber of detailed investigations [10,21-23,29—32]. In the
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orientationally ordered structures of ACgy which have been
proposed, there are 16 inequivalent 'C nuclei, as shown
in Fig. 1. A central task is to assign the peaks in the 13C
NMR spectrum to the different 1*C positions. This step is
significant since it yields a map of the hyperfine coupling
constant around the fullerene, against which models of the
band structure can be tested. Furthermore, such an assign-
ment is a prerequisite to any more detailed NMR study of
internuclear distances which might resolve the structural
guestions. In this paper we report an attempt to make this
assignment.

In order to abtain sufficient sensitivity, samples of CsCq
were synthesized using '*C enriched fullerenes. These
were prepared by packing and sintering '3C enriched amor-
phous carbon into graphite tubes to create '*C enriched
carbon rods. The fullerenes were subsequently produced
by arcing a 60 A, 25V dc current between an ordinary
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FIG. 1. Inequivaent carbon positions projected into the crys-
tallographic bc plane. The polymer chain runs aong the or-
thogonal a axis [3]. Sites 1-14 contain four '3C atoms per Cq
ball, and sites 15—16 contain two '*C atoms per Cy ball.
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FIG. 2. 3C spectrum of sample1l taken with a Varian/

Chemagnetics 3.2 mm MAS probe and CMX spectrometer at a
field of 7.05 T, 24 kHz MAS, and 2 s pulse delay.

graphite electrode and a '3C enriched rod under a ~3 psi
He atmosphere. Percent enrichment was verified by mass
spectroscopy. The Cg was isolated from the soot via fil-
tration and flash chromatography. Stoichiometric amounts
of the enriched fullerenes and cesium were mixed, heated
for one week at 350 °C, and then cooled to room tempera-
ture over 2 days. Both 50% '3C enriched CsCq, (sample 1)
and 8% '3C enriched CsCq (sample 2) were prepared.
Figure 2 shows the one-dimensiona (1D) '*C magic
angle spinning spectrum of sample 1. The spectrum can be
fitted well to 11 Lorentzian peaks. Nine of these peaks are
characteristic of the polymer phase of CsCq (see Table I)
while the peaks at 179 and 143 ppm are remnants of the
cubic phase of CsCgy and a-Cg, respectively [22,23,30].
Previous researchers [30] have been able to identify the
shoulder, marked d*, on the side of peak d with a sepa-
rate Lorentzian. Our data do not permit a meaningful fit of
this shoulder. Nevertheless, in 2D spectra, resolved cross
peaks are visible between peak g and region d*, centered
on 118 ppm, which is in close agreement to the value of
117 ppm given in Ref. [30]. We have observed that peaks
f—i move, and can obscure each other, as the spinning

TABLE I.

speed is varied. This effect probably results from spin-
ning speed affecting sample temperature, and thus Knight
shifts, and may explain why peak & was seen in Fig. 1b
of Ref. [23] but not in Ref. [30]. Since there are fewer re-
solved NMR pesks than '3C positions, some peaks must
correspond to more than one position. The poor resolution
must be derived from sample disorder, such as incomplete
polymerization, and leads to systematic errors in the peak
intensities in Table |, because the individua line shapes
are not known a priori. Thisis a particular problem with
peaks a and b, and for much of what follows we will com-
bine them as one peak.

In order to identify pairs of bonded '*C sites, we per-
formed '*C MAS dipolar correlation spectroscopy [33].
Here, the 13C spins were alowed to precess freely for a
time 7;. Next, the 13C-13C dipole-dipole interaction, nor-
mally removed by MAS, was recoupled using the POST-
C7 [34] pulse sequence, for a mixing time equal to four
MAS periods. This alows spin polarization to be trans-
ferred between '*C nuclei which are sufficiently close in
space. An analysis of the structure in Fig. 1 shows that
thereisonly ameasurabletransfer between directly bonded
13C spins. After the mixing time, the signal is recorded as
afunction of #,. Double Fourier transformation of the data
reveals a plot with peaks aong the diagonal, w; = w,, re-
sulting from polarization which is not transferred during
the mixing period, and cross peaks resulting from polar-
ization transfer between directly bonded carbon sites. The
spectra were “double quantum filtered,” which partly sup-
pressestheintensity of the diagonal peaksand removes any
contribution from isolated '*C nuclei.

One such correlation spectrum is shown in Fig. 3. Note
that the double quantum filter has completely suppressed
the impurity peaks. The fullerenes are rapidly tumbling in
these materials, which greatly reduces the effective dipole
couplings. Artifacts in the spectrum, such as “#; noise”
spinning sidebands, and ridges aong w; = 0 and the
antidiagonal, were distinguished from true cross peaks by

Shift (8) and intensity, normalized to 60 (#/Cy) of the 13C lines in the MAS spectrum of CsCy. 24 kHz MAS and a

2 s pulse delay were used for sample 1(6;). 16.5 kHz and 1 s were used for sample 2(8,). For comparison we show the data of
Brouet et al. (6p) [30], assuming that peak d is the sum of peaks D and E of that work, and the sum of g and & is peak Y. Rcyc
represents the experimental '3*Cs-'>*C REDOR fraction times [(10 ms)/¢]?, at short echo times ¢. The last line lists the *C cross
peaks which occur between pairs of lines a, ..., i (top row) in 3C-13C correlation spectra (Fig. 3) due to spin polarization transfer
between nearest neighbor carbons.

Line

a b c d e f g h i
51 (ppm) 407 359 222 132 93 74 59 49 36
#/Ceo 10 9.6 7.9 24.2 2.9 34 34 2.6 5.0
5, (ppm) 308 359 222 133 97 80 60 46 35
#/Ceo 4.8 38 11.6 18.8 3.0 24 7.4 5.2 2.95
55 (Ppm) 397 357 220 126 94 77 55 35
#/Ceo 7.1 35 8 18.2 2.8 15 12.6 4
Expt. Rcsc 25 0.8 2.0 25 0.5 58 2.1 0.9 0.7
Cross dg dg ef a/b e cd cd a/b a/b e
Peaks h h ¢ h fh i i ¢ d* cd 7
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FIG. 3. A 2D BC-'3C correlation spectrum of CsCyp, taken
with a Varian/Chemagnetics 3.2 mm MAS probe and CMX
spectrometer at 7.05 T, 17 kHz MAS, and 2 s pulse delay. The
dotted lines show the positions of ten Lorentzians obtained from
afit to an ordinary 1D spectrum at 17 kHz MAS. The spectrum
is 417 ppm wide.

varying the rf carrier position, and spinning speed from
17-19 kHz. This causes the artifacts to move relative to
the rest of the spectrum.

The rotational echo double resonance (REDOR) experi-
ment aims to measure distances between the nuclel of dif-
ferent isotopes under MAS conditions by recoupling the
heteronuclear dipole-dipole interaction [35]. The signal of
aHahn spin echo on 3C sites was measured with (S,) and
without (Sy) atrain of rotor synchronized = pulses on the
133Cs channel. At short echo times ¢, the REDOR fraction
on the ith 13C site is given by
S — S

So

1
= 45?#%7(2:7(23’52121(1 +1) ; 5
Here r;; is the distance between the ith '*C site and the
jth 133Cs dite, the sum running over all of the '33Cs po-
sitions in the lattice, and I = 7/2, the spin of '33Cs. Ex-
perimental values of Rcgc for the nine pesks in the 13C
MAS NMR spectrum are given in Table |, and theoretical
values based on the 16 sites of the x-ray structure [3] are
shown in Table II. The experimental data were taken at

Rcse =

Lo

16.5 kHz MAS, with 8.6 us 180° pulses on Cs, and the
XY 8 phase cycle [36] was used. Unfortunately, quantita-
tive analysis of this data is difficult due to imperfections
in the applied '*3Cs 7 pulses due to the '33*Cs quadrupole
coupling, v¢ ~ 12 kHz [30]. This tends to reduce the
measured REDOR fraction. Nevertheless, it is reasonable
to assume that the peaks in the carbon spectrum with large
REDOR fractions are relatively close to the Cs lattice po-
sitions. Thus REDOR may be used as a guide between
possible spectral assignments derived from the 2D spectra.

Thefirst step in the NMR assignment is to decide which
peaks are coupled to each other in the 2D spectra. The
results are given in Table I, where it has been assumed
that peaks e—i contain no more than four carbons per Cq,
and so can have no more than three cross peaks each. Two
independent groups [22,23], have already concluded that
NMR peak i corresponds to site 1 of the crystal structure,
which is the sp?® coordinated site in the Cyy-Cyo bond.
The cross peaks listed in Table | then imply that peaks e
and f must be responsible for crystal sites 2 and 3. Now
site 3 has the strongest REDOR effect of all and site 2
has the weakest. This is consistent with f having the
strongest REDOR effect and peak e having the weakest.
We therefore assign ¢ to 2 and f to 3.

From this point the NMR data leads to two groups of
possible assignments characterized by whether sites 4 and
5 are assigned to peak ¢ (choice A) or peak d (choice B).
With choice A, one finds sites 6, 7, 8, 9, 12, 13, 14 are
assigned to peaks d, d, h, g, d, d*, a/b, respectively, and
sites 10, 11, 15, and 16 must be allocated in some way to
the remainder of peaks a/b and d. In choice B, sites 6, 7,
10, 11 are assigned to peaks ¢, ¢, h, g, and either site 13
or 16 is peak d* which leads to several ways of assigning
sites 8, 9, 12, 14, 15 to peaks a/b and d. We note that
in all possible assignments the peaks a/b must lie in the
band of sites 8—16 around the Cq “equator.”

In order to attempt the choice between A or B, we
have performed density functional calculations (DFT) on
a Cgo trimer which forms a piece of the polymer chain.
The trimer is terminated at each end with cycloaddition
to CH,-CH, groups. The calculation was performed
with GAUSSIAN 98 using the BLYP/STO-3G parameter
specification [37].

The measured NMR shift is the sum of the chemical
and Knight shifts. The chemical shift is due to the local
field at the nucleus of the filled orbital electrons which

TABLE Il. Site selective assignment of different parameters. R, represents the theoretical '3*Cs-'*C REDOR fraction data times
[(10 ms)/t]?. The basis for the assignment of the *C NMR lines q, .. ., i to the carbon sites is described in the text. The last two
rows correspond to the experimental Knight shift and spin density pgin(j) = K(j)/ Zj?il |K(j)| for the carbon sites j = 1, ..., 16.
Site

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Theor. Rcc 5.8 34 191 43 143 44 13 55 9.6 6.8 93 14 8.4 4.1 51 4.0
BC lines i e f c c d d h g b b d d a d d
K; (ppm) -15 —48 —66 79 79 —11 —11 -96 -84 216 216 —11 —11 260 —11 —11
Pspin X 100 00 -10 -140 17 17 -02 -02 -20 —-17 45 45 -02 —-02 54 -02 -02
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are perturbed by the externa magnetic field. For aro-
matic carbons, such as sites 2—16 in ACy, thisistypically
110-170 ppm [38]. Site 1, which is sp> coordinated, is
expected to have a chemical shift of 30—45 ppm [38].
The Knight shift is due to the hyperfine coupling of the
nucleus to the conduction electrons which are polarized
by the magnetic field. From Table |, peaks a, b, and ¢
have shifts which are clearly outside the ordinary chemi-
cal shift range, and so must have substantial positive hy-
perfine couplings. Indeed, in Ref. [23], peaks a/b and
¢ were found to have hyperfine couplings of 7.6 and
2.2 MHz, respectively. In the calculation, five sites have
by far the largest positive hyperfine couplings—site 14,
with 6.6 MHz, sites 10 and 11 with 6.81 MHz, and sites 4
and 5 with 2.6 MHz. This implies the assignment of sites
10, 11, and 14 with peaks a/b, and sites 4 and 5 with c.
For convenience we assign site 14 to peak a, and sites 10
and 11 to peak b, although, as mentioned earlier, we can-
not reliably distinguish these two peaks. Furthermore, this
assignment is consistent with the A assignment from the
NMR data described above, which then becomes unique.
The results are listed in Table II. Note that a more de-
tailed comparison between theory and experiment clearly
reguires a calculation that includes the effects of conduc-
tion between the polymer chains and the effect of the crys-
tal field. Thisisevident from the NMR datawhich indicate
that crystal sites 2 and 3 correspond to different peaks in
the spectrum, and the symmetry between these two sitesis
only broken by the crystal field.

With the NMR assignment in place, it is now possible
to estimate the Knight shift at each '*C site in the crys-
tal structure. The Knight shift is obtained by subtracting
the chemical shift from the total NMR shift. The values
are shown in Table |1, where the chemical shift has been
estimated at 37 ppm at site 1 and 143 ppm at the remain-
ing sites, and the measured total shifts are averaged over
samples 1 and 2. Since the Knight shift is directly propor-
tional to the carbon 2s-spin density we can extract a nor-
malized spin density at site j by p(j) = K(j)/ 292, X
|K(j)| asissummarized in the last row of Table Il. Here
we have assumed for simplicity that > |p( /)| = 1.

The distribution of the spin density p(j) on the Cq
molecule representsin away the local conduction electron
wave function. Our NMR data analysis shows clearly that
it is concentrated near the equator of the C¢y molecule and
away from the polymer bond. This is in agreement with
previous theoretical work [11,27], where the valence elec-
trons of the site C1 carbons are used in the Cgy-Cqp bond
and hardly contribute to the conduction band, and the ad-
ditional electron from the alkali atom resides mainly in a
belt around the equator. This provides strong experimental
evidence for substantial transverse coupling between poly-
mer chains, and supports the notion that polymer fullerides
have fully 3D electronic properties, as opposed to the 1D
model [4]. Finaly, we note that the very different mea-
sured REDOR fractions on sites 2 and 3 are strong further
evidence that the polymer chains are oriented at § = 45°
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tothe crystal b and ¢ axes. A calculation based on Eq. (1)
shows that the REDOR fractions of these two sites are the
sameat 6 = 0°and90°, and are most differentat 6 = 45°.
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