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Locally Resolved 13C Knight Shifts in the Organic Conductor (Fluoranthenyl) ,SbF¢
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Positive and negative Knight shifts of '3C lines have been observed in NMR magic-angle-
sample-spinning experiments on the organic conductor (fluoranthenyl),SbF¢ at room tem-
perature. Knight-shift values (in parts per million) of 61, 42, 40, and —45 were obtained for
different carbon positions; correspondingly short spin-lattice relaxation times of 75, 100,
115, and 580 ms were observed. The relevance of these data for one-dimensional conduc-

tion is discussed.
PACS numbers: 76.60.Cq, 72.15.Cz

In this Letter we will be concerned with a rep-
resentative of an interesting subclass of organic con-
ductors,! namely, (fluoranthenyl),SbFg, in the fol-
lowing abbreviated by (FA),SbFs, a radical cation
salt, consisting of a pure hydrocarbon as organic
constituent.>*> The crystal structure was analyzed
in detail by Enkelmann er al.* Figure 1 shows the
columnar crystal structure where the average mter-
molecular distance along the stack axis is 3.3 A.
Not shown is a slight dimerization corresponding to
(FA);" units. The dc conductivity is highest paral-
lel to the molecular stacks, pointing at a quasi-one-
dimensional behavior.> One of the most interesting
aspects of these crystals is their unique ESR proper-
ties.>® Among these the extremely narrow
linewidth and corresponding long relaxation times
are characteristic features which are quite unusual
even for an organic ‘‘metal.”’

3C NMR has been performed in '*C-enriched
tetracyanoquinodimethane in tetrathiafulvalinium
tetracyanoquinodimethanide by Rybaczewski et
al.,' who determined the temperature dependence
of the susceptibility this way. There, however, only
the CN position was labeled and no local informa-
tion on the conduction-band molecular orbital
(MO) was obtained. In this Letter we want to
present what we believe to be the first observation
of locally resolved Knight shift in an organic con-
ductor. Rapid electron motion near the Fermi sur-
face in metals is known to cause rapid field fluctua-
tions at the nuclear site, which result in a frequency
shift (Knight shift)!! and a short spin-lattice relaxa-
tion time'? T, which are related by the Korringa re-
lation:

K T\ T=(k/4mwk) (yo/y) L e))

where vy, and vy, are the gyromagnetic ratios of the
electrons and the nuclear spins, respectively, and
the other symbols have their usual meaning. It
should be pointed out that Eq. (1) only holds for a
free-electron gas, i.e., a simple metal.
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In Fig. 2 and Table I we present evidence that
this unique property of conduction electrons can
indeed be observed in the organic conductor
(FA),SbFs. We have performed '*C high-reso-
lution NMR experiments including magic-angle
spinning (vg =2.7 kHz) at the 45-MHz *C Larmor
frequency'? (for a review of these techniques see
Mehring.'*) In essence all anisotropies which oth-
erwise appear in a solid have been averaged out and
the isotropic line shifts of naturally abundant
(1.1%) BC in the molecular solid are observed
directly. The isotropic 1*C shifts in liquid solutions

FIG. 1. Top: schematic drawing of fluoranthene mol-
ecule with the conventional numbering. Bottom: stack-
ing of the FA molecules in the radical cation salt (Ref.
4). The intermolecular conduction path is emphasized by
dashed lines. There is a slight dimerization according to
(FA); not shown in the figure.
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FIG. 2. Room-temperature '*C NMR magic-angle-
spinning spectra (wg,/27 =45 MHz) of solid fluoran-
thene (middle) and of the one-dimensional conductor
(FA),SbFg (bottom). The spectrum of fluoranthene in
liquid solution (top) is included for comparison.

of fluoranthene (Fig. 2, top) compare fairly well
with the isotropic °C shifts in solid fluoranthene
(Fig. 2, middle). The observed chemical shifts can
be related to individual carbon positions in the
fluoranthene molecule. The situation changes,
however, drastically for fluoranthene cations in the
organic conductor (FA),SbF¢ (Fig. 2, bottom).
Lines a, b, and c are clearly shifted towards the
paramagnetic region (Knight shift) of the spectrum,
whereas line g is shifted in the opposite direction
(negative Knight shift). The middle part of the
spectrum seems to be only slightly shifted. The
Knight shift must therefore be determined with
respect to the chemical shift (middle part of the
spectrum). The observed shifts are on the order of
40-60 ppm [typical metal values are!' 249 ppm
('Li) and 2320 ppm (%Cu)]. The corresponding
relaxation times 7 (see Table I) are much shorter
than in solid fluoranthene (7; > 100 s) and scale
with the Knight shift according to the Korringa rela-
tion Eq. (1).

Note that lines a-g in Fig. 2 (bottom) corre-
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TABLE 1. Knight shift K and spin-lattice relaxation
times T for lines a, b, ¢, and g A tentative assignment
of the lines to the carbon positions of the FA molecule
(Fig. 1) is included together with the spin densities deter-
mined from K [Eq. (3)].

K T Position
Line (ppm) p;, Eq. (3) (1073 s) in FA
a 61 0.108 75 (4,6)
b 42 0.074 100 (1,9):(11,12)
c 40 0.072 115 2,8)
g —45 -0.07 580 (5,10)

spond to individual carbon positions in the fluo-
ranthene cation, demonstrating that conduction oc-
curs via the w-orbital overlap of the FA cations as
sketched in Fig. 1. Although we were able to corre-
late all the lines a—e in solid fluoranthene (Fig. 2,
middle) with carbon positions of the molecule by
comparing it with the liquid-solution spectrum (Fig.
2, top), we can only tentatively assign the lines a-g
(Fig. 2, bottom) with carbon positions of the FA
cation (see Table I). Isotopic labeling would clarify
this point uniquely. Our assignment is based partly
on gated decoupling experiments from which it is
evident that the lines a, ¢, e, and f are peripheral
carbon nuclei connected to protons, whereas lines
b, d, and g are from interior carbon nuclei of the
molecule not connected to protons.

The Knight shift of the NMR line of the nucleus
Jj in the fluoranthene cation dimer may be ex-
pressed as

Kj=xl’(a/h-7e7n)pj' (2)

where Xp is the Pauli susceptibility per (FA); unit,
a is the isotropic part of the hyperfine tensor in ra-
dians per inverse second, and p; is the spin density
normalized over the (FA)," dimer. The Pauli sus-
ceptibility can be expressed in terms of the density
of states at the Fermi level per dimer D (Ep) by use
of the conversion formula Xp=pu3D(Eg), where
up=Fkvy./2 is the Bohr magneton. In fact Xp was
directly determined in (FA),SbF¢ in comparative
proton NMR and ESR investigations of the Schu-
macher-Slichter type.®’ The value obtained is in
the range (3.1-9.4) x10~> cm® mole~!. We use
9.4%x107° cm® mole™! as an estimated value for
our crystal. This amounts to D(Eg) =2.9 eV ! or,
if a one-dimensional free-electron model is used
with D(Ep) =(2Ep)~!, to a Fermi energy of
Er=0.172 eV. In a tight-binding model, which
seems to be appropriate for the weakly coupled p,
orbitals in (FA);'X, a bandwidth of W =0.34 eV
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results which is not unreasonable. The replacement
of Xp in Eq. (2) leads to the more generally applica-
ble expression

K;=k/4(y./yn) D(Ep)ap;, 3)

where all parameters except a and p; are known. In
order to relate the observed Knight shift K; at dif-
ferent positions to the spin density p; of the
conduction-band molecular orbital we have to esti-
mate the magnitude of a. As a typical isotropic
hyperfine-coupling constant a for 3C nuclei in
aromatic compounds we take a/2w =72 MHz."
Using y./y,=2618 for '3C nuclei we obtain
K;=5.65x10""p;. According to Table I the mea-
sured Knight-shift values are in the range K = (40—
64) x10 6, corresponding to p;=0.07-0.1 for the
different positions jaccording to Eq. (3).

A very crude estimate for p; would assume that
the spin density is equally distributed among the 32
carbon nuclei of the FA dimer. In this case
p;=0.03. The next step of analysis could involve a
Hiickel approach where the conduction-band MO is
assumed to be the highest occupied molecular orbi-
tal (HOMO) of FA. The spin density p,=|c;|?
would then be related to the HOMO coefficients,
which are tabulated in the Coulson-Streitwieser
compilation.!® Because of the nine nonequivalent
carbon positions nine different lines should appear.
In fact eight different lines are indeed observed in
Fig. 2 (bottom), where supposedly some lines are
overlapping. The following four largest spin densi-
ties occur in the Htickel approximation: ps;=0.163,
p2=0.121, p;=0.079, and p;; =0.06. All other
spin densities appear to be much smaller. For the
positions 5 and 10 zero spin density is found. How-
ever, it is well known that at nodes of the. Htickel
wave function negative spin densities usually occur
in a more refined theory. If we adopt this simple
view as a guideline, the following picture emerges:
(i) Negative spin densities occur at positions S and
10 which are attributed to the negative Knight shift
of line g Note that gated decoupling experiments
show that the carbon nuclei of line g are not con-
nected to protons. (ii) The Knight-shifted lines a,
b, and c are related to positions 4, 2, 1, and 11,
where line b is a non-proton-connected line. This
leads to the assignments in Table I. Note that line b
is fairly intense. It is thus conceivable that line & is
an overlapping line from four carbon positions (1,

9, 11, and 12), whereas all other lines are from two -

equivalent carbon positions. Line b also shows an
intermediate spin density between positions 2 and 4
which deviates from the simple Htickel picture.

All spin densities from the Hiickel analysis have

to be divided by a factor of 2 when compared with
the data in the Table I, since we find the spin to be
distributed over a dimer. Also the Hiickel picture is
hardly expected to be quantitatively correct; howev-
er, it seems to be helpful as a guideline to the
conduction-band MO, which is after all a linear
combination of the HOMQ’s. In a realistic band-
structure calculation, however, the (FA);' dimer
should be considered to be the basic unit.

Let us now turn to the spin-lattice relaxation rate,
which can be expressed as

TGI = nep}az[ 'Z%EJ((UO,,)
+(5+me)J(we)], (@)

with n, = kTXp/ub and € = d?/a?, and where J(wy,)
is the spectral density of the fluctuating fields
caused by the conduction electrons at the Larmor
frequency w,, of the nuclei and J(wq,) is the spec-
tral density at the electron-spin Larmor frequency
woe = (ye/yn) wo,. The parameters a and d are the
isotropic and the anisotropic part of the hyperfine
tensor, respectively. The parameters which contri-
bute to the spectral density J(w) have been deter-
mined by pulsed ESR ®? recently and can be ex-
pressed as®

J(wo,,) =A0(T*/D ||)1/2, wo,,T* <<1, (5a)
J(woe) =Aa (ZD ||woe) —1/2,

where Aa =6.6 A is the unit-cell spacing in the
stacking direction, and 7*=1.6x10"'! s is the es-
cape time from the one-dimensional diffusion
parallel to the stacks with diffusion constant D
=1.3 cm? s~!. The full diffusion tensor (D,,D,)
was determined recently by the field-gradient
method.®® Using the parameters given here togeth-
er with those used for calculating the Knight shift
and e=1, we obtain for p;=0.1 a value of 7, =100
ms in fair agreement with the values measured,
e.g., for lines a~c [see Table I; typical metal values
are 150 ms ('Li) and 3 ms (®*Cu)]l. When one
takes account of the one-dimensional nature of the
electronic transport the Korringa relation [Eq. (1)]
has to be modified by combining Eqgs. (1)-(5) as

K2T\T=(k/4wk) (ye/vy,)?S1, (6a)
S = *n'h'(Xp/ng)[%-eJ(wo,,)
+(1++e)J(wg)]~ L (6b)

woeT" >>1, (5b)

The scaling factor (S; =<1) of the Korringa relation
can be very small (§; << 1) for highly one-dimen-
sional conductors. For a three-dimensional free-
electron gas S;=1. In our case we obtain from the
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experimental data (see Table I) S;=10"2 and, by
using Eq. (6b) together with the different parame-
ters as given in the text, §;=2.4%x1072 for e=1.
We remark that S; would be even smaller in cases
where the one-dimensional escape time 7~ is longer.

Finally we mention that the recently performed
Overhauser-effect measurements'” and the Over-
hauser shift!® are both based on the electron hyper-
fine interaction as discussed here. However, the
spin densities should be related to the proton hyper-
fine interaction in those cases.

In summary, the !’C high-resolution NMR
Knight shift and spin-lattice relaxation time in
(FA),SbF¢ as presented here are consistent with a
physical picture based on quasi-one-dimensional
conduction along the (FA)," stacks. In addition we
have determined the spin-density map (see Table I)
for the conduction-band molecular orbital.
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