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Locally resolved isotropic and anisotropic ' C Knight shifts
in the organic conductor (Suoranthenyl)2X (X=AsF6, PF6)
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' C Knight-shift tensors including both the isotropic and anisotropic parts of the organic conduc-

tors (fluoranthenyl)&X with X =AsF6 or PF6 have been obtained by NMR experiments on powdered
samples and on single crystals. It is found that the anisotropic part of the Knight shift yields a more
direct access to the local p, spin-density distribution of the conduction-electron band than the iso-
tropic part.

I. INTRODUCTION

The radical cation salts of fluoranthene (abbreviated in
the following by FA) can serve as model compounds for a
large class of organic conductors. Their structure con-
sists of stacks of FA molecules accompanied by stacks of
inorganic anions (AsF6 or PF6 ). The crystal struc-
ture is shown in Fig. 1 together with the numbering of
the carbon atoms on the FA molecule used in this paper.

These crystals show strong one-dimensional character
as is suggested by the crystal structure. This is rejected
in the anisotropic conductivity and in the highly aniso-
tropic spin-diffusion constant, which is 3 orders of mag-

(b)

FIG. 1. (a) Crystal structure of fluoranthene radical cation
salts projected along the stacking axis c. (b) Single fluoranthene
molecule with the numbering of the different carbon sites on the
molecule used in this paper.

nitude larger in the stacking direction than perpendicular
to it. A number of different magnetic resonance experi-
ments have revealed the conductivity to take place on the
organic stack only. ' Proton spin-lattice relaxation on
the FA protons showed strong relaxation, whereas the
' F relaxation of the anions was observed to be very
weak. Overhauser shift measurements demonstrated
unequivocally that the FA protons are strongly hyperfine
coupled to the conduction electrons.

This was also demonstrated by the first report on local-
ly resolved ' C Knight shifts in organic conductors. The
technique of high-resolution NMR in the solid state ap-
plied to ' C (Refs. 6 and 7) and protons ' has proven to
be very useful for obtaining a locally resolved spin-
density map of the conduction band. Similar experiments
have been reported on powdered samples of other organic
conductors, ' whereas the proton experiments obvious-
ly led to information only about the sites bonded to pro-
tons, the hitherto existing ' C data of powdered samples
gave only indirect hints to the local p, -spin density. "
Additional difFiculties in these experiments arise from the
assignment of the NMR lines to the different sites and
from the separation of the Knight shift from the chemical
shift. In order to solve the latter problem, we have per™
formed temperature-dependent ' C Knight-shift measure-
ments in the metallic regime of (FA)2X combined with
high-resolution techniques. This procedure was-first ap-
plied to the organic conductor (TMTSF)2ReOz by Ber-
nier and co-workers' *' and will be discussed in more de-
tail below.

We report here in particular on ' C Knight-shift exper-
iments on single crystals of (FA)zPF6 which could solve
some of the remaining problems: We have determined on
the one hand the dipolar parts of the hyperfine interac-
tion with the conduction electrons which gave a more
direct access to the local p, spin densities than its isotro-
pic parts. On the other hand, this supplied an assignment
of the NMR lines to the different carbon sites by the aid
of the anisotropy of the ' C-H dipolar interaction.
Whereas the anisotropy of the proton Knight shifts of
these salts has been published before, we believe that we
present here the first example of the fully resolved ' C
Knight-shift anisotropy in organic conductors. Earlier
reports on anisotropic behavior of the ' C Knight shift
used sideband analysis of magic-angle sample spinning
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spectra of p-(BEDT-TTF)2I3 (Ref. 14) or dynamic nu-
clear polarization in single crystals of (FA)2PF& (Ref. 15).
In these reports, however, only a hint at the Knight-shift
anisotropies was supplied and no complete determination
of the locally resolved Knight-shift tensors was possible.
Likewise, Overhauser shift experiments on (FA)2PF6
showed important anisotropic contributions to the ' C
hyperfine interactions, ' but up to now no local resolu-
tion was possible.

II. CHEMICAL-SHIFT AND KNIGHT-SHIFT TENSOR

where the shift tensor 5 can be separated into an isotro-
pic and anisotropic part

5=5;„E+5,„;, (2)

with unit matrix E. For usual chemical and Knight shifts
all elements of the 3 X 3-shift matrix are much smaller
than unity, i.e., only the secular part of the shift Hamil-
tonian

The nuclear-magnetic-resonance line is always shifted
with respect to the bare Larmor frequency cop= @„B0,
where y„ is the gyromagnetic ratio of the nucleus and Bp
is the applied static magnetic field. The shift A~ of the
resonance line of a particular nucleus is due to the aver-
aged magnetic local field caused by the surrounding elec-
trons. In diamagnetic substances this shift is called the
"chemical shift, "' whereas in metals an additional shift
called the "Knight shift"' after its discoverer is ob-
served, which is caused by the averaged hyperfine field of
the conduction electrons.

Since the nomenclature of chemical shifts and Knight
shifts varies in the literature and the chemical-shift tensor
is usually ignored in ordinary metals, we summarize
briefly the essential expressions for the convenience of the
reader. The relative shift 5=hco/ct)p of the resonance line
can be represented by the general-shift Hamiltonian

&s= —iriy„I 5 Bo,

or solid except the conduction electrons. The chemical-
shift tensor can again be separated into two parts, namely
the "diamagnetic" part 5,"b and the "paramagnetic" part
5,b, with a, b =x,y, z,

anc}
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where 0) is the ground state and ~n ) are the exited
states. p, is the Bohr magneton, b, ,b is the Kronecker
delta here and in the following equations, and a;, b;
=x;,y;, z; are the components of the electron coordinate
r;. The sum is to be taken over all exited electron states.
Note that in the paramagnetic term the total orbital an-
gular momentum with operator L= g; l; is "partially de-
quenched" by Bp. In diamagnetic molecules the cherni-
cal shift is the only mechanism which gives rise to the
resonance shift. It is dominated by the molecular orbitals
(MO) of the individual molecule even in the solid state.
This chemical shift is also the dominant shift mechanism
in organic conductors. It usually leads to large shift an-
isotropies. Due to the conduction electrons in organic
conductors there is an additional shift, i.e., the Knight
shift.

(ii) The Knight shift. Before we discuss the Knight
shift d".e to the spin paramagnetism of the conduction
electrons in more detail, we want to discuss what is usual-
ly termed the "Van Vleck orbital Knight shift. " It can be
derived from essentially the same expression as Eq. (Sb) if
the conduction band MO is included. A simple estimate
of the orbital Knight-shift contribution due to a tight-
binding —type conduction band leads to the expression'

~s = Ay. So5„I, — (3)
XAE

needs to be considered. Only the symmetric part of the
shift tensor contributes to the observed relative resonance
shift 5„, which can be expressed by the three principal
elements (5», 522, 533) as

5„=5»cos asin P+522sin asin P+533cos P, (4)

where (a,P) are the Euler angles of the magnetic field
with respect to the principle-axis system (1,2,3). Rotation
plots of the resonance shift therefore allow us to deter-
mine the principal elements and the principle-axis system
of the shift tensor. For completeness we note that

(5 i 1 +522+ 533 ) ~3

The total shift tensor 5 can, in metals, be separated into
two parts, namely (i) chemical shift and (ii) Knight shift.

(i) Chemical shift. Let us suppose that the chemical-
shift tensor is caused by all the electrons in the molecule

where X is the total number of conduction electrons, n is
the number of occupied states in the conduction band,
AE is the effective bandwidth, and where the average
over the electron coordinates has to be taken over the
atomic/molecular orbital from which the band is con-
structed, e.g. , in organic conductors, this is usually a p-
wave function. Note that E„b does not depend on the
density of states at the Fermi level. Equation (7) is only
valid though in three-dimensional solids. In one-
dimensional solids, however, the orbital contribution van-
ishes as can be seen from Eq. (5b). However, real organic
conductors are at best quasi one dimensional, i.e., the ra-
tio of the transverse to the longitudinal transfer integrals
tilti may be small [(10 in (FA)2X] in organic con-
ductors but certainly does not vanish. It is therefore ex-
pected that the orbital contribution to the Knight shift
will be scaled by this ratio of transfer integrals. In the
conductor discussed here, namely (FA)2X, this ratio is



39 LOCALLY RESOLVED ISOTROPIC AND ANISOTROPIC ' C. . . 6363

with

(8b)

The electron-spin susceptibility g, is related to the densi-
ty of states N(EF ) at the Fermi level in the random-phase
approximation by

(9a)

where the Hubbard U takes care of electron-electron
correlations and the Pauli susceptibility in a tight-binding
approximation can be expressed as

yp
=

—,
' (g,P, )'& (EF ) (9b)

The enhancement of g& due to electron-electron correla-
tion [Eq. (9a)] leads to a proportionally enhanced Knight
shift.

ICzz according to Eq. (Sb) contains the full tensorial
character (symmetric part only) of the hyperfine interac-
tion and is re1ated to the principal elements E», E22, and

E33 equivalent to Eq. (4). The connection between the
hyperfine tensor elements A„and the Knight-shift ten-
sor elements K„(a=1,2,3) is given by Eq. (Sb). The
Knight-shift tensor can also be separated into an isotro-
pic and a traceless anisotropic part. We will discuss both
parts separately in the following.

The isotropic Knight shift K;„=(E»+E23+IC33)/3
is directly related to the isotropic hyperfine interaction
a;,o by Eq. (10). In ordinary metals this is the dominant
contributj, on to the Knight shift. For s-like electron
states this leads to the Fermi contact term. In organic
conductors, however, mostly p-like orbitals set up the
conduction band, which have a node at the carbon nu-
clear position. So the Fermi contact contribution is usu-
ally negligibly small in these materials. In this case the
experimentally observed isotropic part of the hyperfine
interaction is due to the "core polarization" of the 2s and

rather small and the orbital contribution can be neglect-
ed.

All hyperfine interactions (including contact, dipolar, s
like, and core polarization, etc.) of the conduction elec-
trons with the nuclei in the sample can be summarized
under the hyperfine tensor A. As in the chemical-shift
case (see related discussion) we consider only the secular
part of the hyperfine Hamiltonian

~rs fiA, IzSz

Again, a separation into an isotropic part a;„and an an-
istropic but traceless part A ' is possible. The orienta-
tional dependence of A„ is similar to Eq. (4) and the
principal elements A», 322 333 can be determined from
an orientation plot in the magnetic field.

Due to the rapid motion of the conduction electrons
(with Fermi velocity UF ) only an average of their spin
component is "seen*' by the nuclei. The total Hamiltoni-
an of the spin-paramagnetic Knight shift can be ex-
pressed as

(8a)

1s orbitals. Pople and Beveridge demonstrated a linear
behavior between 2s spin densities at carbon sites and the
experimentally observed ' C isotropic- hyperfine interac-
tions in organic radicals (see also Ref. 11). This mecha-
nism will be the dominant one for the isotropic Knight
shift in organic conductors.

Both contributions to the isotropic hyperfine interac-
tion, namely Fermi contact and core polarization, can be
finally represented by

8m'
aiso 3 Re~el nps( (10)

where ps(o) is the spin density at the atomic s orbitals,
induced by conduction electrons in other orbitals at the
particular site or in orbitals on neighboring sites. This
can be cast into the semiempirical Karplus-Fraenkel» re-
lation for the isotropic hyperfine interaction aj/2n (in
MHz) at position j:

a /2m. =Qp, + g Q„p;,

with the values Q = 100 MHz for secondary carbon
atoms, Q=85 MHz for tertiary carbon atoms, and
Q„=—39 MHz. The pj are the spin densities in the p,
orbitals at site j; the sum runs over the two or three car-
bon neighbors, respectively. The cases where this simple
formula applies are, however, limited. Problems arise in
particular when the spin density at neighboring sites be-
comes dominant and when the difference between on-site
and neighboring-site contributions leads to small
hyperfine interactions. The Karplus-Fraenkel relation
should therefore be applied "curn grano salis. "

Next, we discuss the anisotropy of the ' C Knight
shift, which arises from the anisotropic hyperfine interac-
tion due to electron-nuclear dipolar interaction. In a pre-
vious publication we have reported on the proton
Knight-shift tensor. The anisotropic part of the
hyperfine interaction Hamiltonian can be represented by
the single-particle electron spin density ps(r) at position
r:

3,'b=g, P,y„j r (3r, rl, rA, i)p
—s(r)d r . (12)

The strong distance dependence of this anisotropic
hyperfine interaction makes it a suitable parameter for
monitoring the on-site spin density.

In order to determine the Knight-shift tensor experi-
mentally one has to subtract the chemical-shift tensor
from the measured data. In the past ' we have used neu-
tral fluoranthene in solution ' as reference chemical-shift
spectra. In the cationic state of the Quoranthene mole-
cule in the organic conductor (FA)zX, the chemical shift
may be altered with respect to the neutral molecule. It
seems, therefore, appropriate to look for a more direct
way to separate the paramagnetic Knight-shift contribu-
tion from the chemical shift. Since the paramagnetic
Knight shift is, according to Eq. (8b) directly proportion-
al to the spin susceptibility of the conduction electrons,
there are basically two different ways to utilize this rela-
tion.

In the first approach one saturates the electron spins



6364 D. KONGETER AND M. MEHRING 39

which affects the spin susceptibility directly in a control-
lable way by microwave absorption. Experiments along
these lines were proposed some time ago and have been
performed recently. ' ' In this paper we have used the
second approach, i.e., the temperature dependence of the
paramagnetic spin susceptibility which has been mea-
sured recently quite accurately. ' This will be dis-
cussed in more detail in the following sections.

III. EXPERIMENTAL RESULTS
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FICx. 2. ' C-cross polarization/magic-angle spinning spectra
of (FA)zAsF6 vs temperature. The right-hand side shows a
room temperature spectrum, on the left-hand side we have
sketched the ' C spectrum of neutral Auoranthene in solution.
The unmarked lines on the righthand spectrum are spining side-
bands. All shift values are with respect to TMS (tetramethyl-
silane).

The samples of (FA)2AsF6 and (FA)zPF6 were grown
electrochemically as described by Krohnke et al. The
NMR experiments were performed at a ' C Larmor fre-
quency of 46 MHz and the corresponding proton Larmor
frequency of 181 MHz.

Standard solid-state high-resolution NMR techniques,
such as cross polarization including magic-angle sample
spinning (MAS) in the case of powders were applied.
The MAS spectrum is shown in Fig. 2 on the right-hand
side. Eight lines labeled a —h can be distinguished. The
line g is a superposition of two lines and the unmarked
lines were identified as spinning sidebands. Line h was
not observed in earlier work ' because it is easily hidden
by one of the spinning sidebands. No difference was ob-
served between the spectra of (FA)2AsF6 and (FA)2PF6.

En order to separate the Knight shift from the chemical
shift we have peformed temperature-dependent magic-
angle-spinning experiments from room temperature down
to the metal-insulator phase transition at about 180 K.
These experiments were performed on a MSL200 spec-
trorneter at the Bruker company in Karlsruhe. The
cooling of the spinning sample was achieved by a cold ni-
trogen stream acting as a gas bearing. The middle part of
Fig. 2 shows the development of the spectrum with de-
creasing temperature. At the left-hand side we sketched

as a possible reference the resolved chemical-shift spec-
trum of neutral Auoranthene in solution, which is known
from the literature. The spectra of the radical cation
salt obviously converge to the solution spectrum. The
splitting of line e may be caused by a structural phase
transition.

Assuming that the spin susceptibility is the only
temperature-dependent parameter in the Knight shift,
one can evaluate from the slope ratios in Fig. 2 the ratios
of the individual Knight shifts with respect to each other.
This procedure makes no use of the functional behavior
of the spin susceptibility. We prefer this procedure to the
one where the Knight shift is plotted versus the spin sus-
ceptibility because the latter did not give the expected
linear behavior. The reason for this might be the fact
that only the spin susceptibility of Refs. 24 and 25 was
available to us, which was, of course, determined for
different samples. It is conceivable that our samples
might have had a slightly different temperature depen-
dence of the spin susceptibility. On the other hand, neu-
tral fluoranthene can only serve as a crude chemical-shift
reference, since the molecules are in the cationic state in
this type of organic conductor and it is expected that
their chemical-shift tensor is different. We therefore feel
more confident with the procedure outlined here. It is,
anyway, the only procedure which can be applied when
precise spin susceptibility data are not available.

Absolute Knight shifts were obtained by taking the
chemical-shift value at position 7 of dissolved Auor-
anthene as the appropriate reference for line b, anticipat-
ing the line assignment used earlier for this line and dis-
cussed below. Any error in the absolute value does not
drastically affect the spin-density distribution over the
molecule, however. The numeric values are collected in
Table I, which also contains the line assignments to be
discussed later. For comparison we have added the
chemical-shift data of neutral Auoranthene in solution '

which was used in an earlier report as a Knight-shift
reference. We do, however, believe that the Knight shift
obtained from the temperature dependence is more reli-
able than subtracting the chemical shift from the solution
spectrum. Table I, however, also demonstrates that there
is not much difference between the Knight shifts deter-
mined by these two different approaches. Finally, we
mention that the reference problem was recently ap-
proached by saturating the conduction-electron spins by
microwave irradiation combined with magic-angle spin-
ning. There the Knight shift is directly affected and
varies with the microwave field, whereas the chemical
shift is independent of the microwave power. This allows
a separation of Knight and chemical shifts. The slight
discrepancies between the Knight shifts obtained by these
different methods are not yet fully understood.

Orientation dependent experiments were performed on
single crystals of (FA)zPF6 of typical size 5 X l X l mm .
In contrast to the magic-angle-spinning experiments,
where the ' C-' F dipole-dipole interaction is averaged
out by sample rotation, in single-crystal measurements
the ' F spins must be decoupled by applying a strong rf
field at their Larmor frequency. The effect of this triple-
resonance experiment is shown in Fig. 3. Without
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TABLE I. Experimental results of "C Knight-shift experiments on powdered samples (5;„,K;„)and
on single crystals together with T~ data. The 6 values denote the entire shift (chemical shift plus
Knight shift) in ppm vs TMS. The shift-tensor orientation in the Auoranthene molecule is given by the
angle (column 7) between its first principal axis and the molecular mirror plane; the third principal axis
is always oriented perpendicular to the molecular plane. The Knight-shift values were derived as de-
scribed in the text.

Site ~iso ~iso

(MAS) (FA liquid)
Orient. Kiso K33

(ppm) (ms)

1

2
3

5
6
7
8
9

88.6
74.2

200.3
111.7
135.9
193.8
90.5

178.1
125.5

132.9
130.9
127.4
128.8
121.0
137.6
140.1
122.3
128.4

161.3
157.2
243.5
197.5
201.9
223.4
181.9
226.6
212.0

153.0
150.8
165.7
124.5
146.0
172.1
121.0
156.5
133.1

—49.0
—87.0
194.0
14.0
62.0

192.0
—34.0
157.0
32.0

90.0'
90.0
12.0'
59.6'
58.2'
0.0'

28.7
86.0'
24.8'

—35.7
—48.2

64.5
—18.2

7.2
56.2

—35.9
54.5

—3.7

—40
—78

184
4

70
182

—48
165
36

430
410

80
1200
500
105
430
120

1500

fluorine decoupling the necessary resolution can certainly
not be achieved.

Figure 4 shows the orientational dependence of the
spectra by rotation about an axis along the stacking
direction, i.e., the magnetic field was always oriented per-
peridicular to the stacking direction. From the molecular
symmetry and the symmetry of the (FA)2X-type crystals
it is expected that one principle axis of the Knight- as
well as the chemical-shift tensor is oriented perpendicular
to the molecular plane. We have therefore performed
measurements with the magnetic field oriented parallel to
the stacking direction. In order to improve the signal-

250 200 150 100 50

180 180

to-noise ratio we have assembled several small needle like
crystals parallel with respect to each other. The pro-
cedure was justified "a posteriori" in the sense that these
data combined with the data from Fig. 4 resulted in the
correct isotropic-shift values determined from magic-
angle-spinning spectra. Moreover, the analysis of the
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FICx. 3. Pulse sequence (a) and ' C spectra in a (FA)2PF6 sin-

gle crystal without (b) and with (c) ' F decoupling.

I

250
04 0

200 150 100 50
shift 5 (ppmj

FIG. 4. Single-crystal spectra of (FA)&PF6 with rotation
about an axis along the stacking direction, i.e., the magnetic
field lies in the plane of the Auoranthene molecules. The dashed
lines indicate mirror planes of the spectra. This is expected be-
cause of the mirror symmetry of the crystal structure. At 173
the static field direction points along mirror plane. Shift values
are with respect to TMS.
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spinning sideband intensities according to the Herzfeld-
Berger procedure gave similar principal axis values, al-
though not as reliable as the single-crystal measurexnents
discussed here.

The results are presented in Fig. 5 in a pictorial way to-
gether with the chemical-shift tensor of solid benzene at
14 K (Ref. 29) which serves as an exemplaric aromatic
chemical-shift tensor reference. The numeric values of
the shift tensor together with the tensor orientation are
listed in Table I. Most orientations coincide with the ex-
pected orientation of chemical-shift tensors in aromatic
solids, where the first principal axis (the least shielded
direction) is oriented along the C—H bond and where the
third princpal axis is perpendicular to the molecular
plane. A considerable deviation for site 3 is probably
due to a tilted bond.

For unambiguous line assignment of the different car-
bon positions on the fluoranthene molecule we have per-
formed "delayed decoupling" experiments on single crys-
tals. ' The dipole-dipole interaction between ' C and the
neighboring protons serves here as a "direction 6nder. "
The appropriate pulse scheme is shown in Fig. 6(a).
After cross polarization, a variable delay time ~ where di-
polar interaction is present is inserted, before proton
decoupling is applied. The data acquisition, however,
starts independently from the delay time in order to
avoid phase distortions. In contrast to delayed decou-
pling experiments on (FA)2X powder samples under
magic-angle spinning where only proton bonded carbons
were distinguished from nonproton bonded carbons, we
have utilized here the full orientational dependence of the

(a) H

bbS 3 24' OT
I I I i I I I I

~25~

I 1 I I 4 I l I

II I

II I I I I I
I I I I I I I I

T~ 5L

250 200 150 100 50

shift 5 (ppm)
FIG. 6. Delayed decoupling experiment on a single crystal of

(FA)2PF6 for assignment of the resonance lines, (a) pulse
scheme, (b) set of spectra for di6'erent delays. The spectra to the
orientation of 58' in Fig. 4. The numbers refer to Fig. 1(b);
primed numbers indicate. positions on the left side of the mirror
plane.
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FIG. 5. Graphical representation of the tensor principal axes

of the entire shift (chemical shift plus Knight shift). Thick lines
denote the positions of the isotropic values. The left column
gives the assignment using the numbering in Fig. 1(b). The
chemical-shift tensor of benzene serves as an exemplaric
chemical-shift reference. Shift values are with respect to TMS.

dipolar interaction which leads to an unequivocal line as-
signment.

Figure 6(b) shows the spectra for a specific crystal
orientation. Note, that line 4', for example, hardly de-
cays in this orientation, although this carbon is bonded to
a proton. Experiments of this sort were carried out for
many different orientations, to allow the assignment of all
shift tensors to the appropriate sites. This assignment
was used in Table I and the left-hand side of Fig. 5. A
slight uncertainty, though, remains for sites 4 and 5 cor-
responding to lines d and f because of their special orien-
tation with respect to the molecular mirror plane. There-
fore, we had to consider the different distortions of the
"aromatic character" at these sites by the 5-ring struc-
ture.

Unfortunately, the ' C chemical-shift tensor in neutral
Auoranthene is not known accurately enough to serve as
a reference for obtaining the Knight-shift tensor, as in the
isotropic case. As xnentioned above, the values for solid
benzene may be taken as a guide line. %'e used here the
analysis of the texnperature dependence of the line shifts
in the metallic regime. The %33 component of the
different Knight-shift tensors were measured at various
temperatures by orienting the magnetic field parallel to
the stacking axis. With the help of the isotropic part
the average of K» and %22 can be determined. As in the
case of the isotropic Knight shift, only the Knight-shift
ratios (component K33 only) of the different lines are ob-
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tained from the temperature dependence. Again, the ap-
propriate reference has to be assumed for at least one site.

In principle, one could do without such a reference by
using the technique of Knight-shift saturation as was
mentioned above. This technique was applied in a recent
single-crystal investigation. ' However, only the effect
was demonstrated, but no information on the Knight-
shift nor on the chemical-shift tensor was obtained.

We estimate the accuracy for our shift values 5,,
(chemical shift plus Knight shift) to about +0.5 ppm for
5;„,+1 ppm for 5» and 622, and to +2 ppm for 533 The
orientation of the principal axis with respect to the
molecular mirror plane was determined to an accuracy of
about +0.5. The error of the E;„values is in general
about +1.5 ppm, not taking into account any error in the
absolute value of the Knight shift of the reference line b.
The absolute error for E33 is estimated to about +10
ppm, because of the uncertainty of the correct reference
shift.

Finally, we report on some ' C spin-lattice relaxation
time ( T, ) measurements which extend earlier published
data. Our values are summarized in Table I. Their ac-
curacies are estimated to about +10—15 %. Since the re-
laxation time for protons in neutral Auoranthene exceeds
500 s and the relaxation via anion rotation is negligible in
the metallic regime, it is evident that the ' C relaxation
times are caused by hyperfine interactions with the con-
duction electrons.

IV. DISCUSSION

For the measured Knight-shift data (Table I) hyperfine
interaction parameters can be easily evaluated with the
help of Eq. (8) and the known paramagnetic susceptibili-
ty. ' We use here the isotropic value y =1.06X10
emu/mole since no anisotropy was observed in Ref. 25.
Both isotropic and anisotropic hyperfine interactions are
collected in Table II. Note that the hyperfine interaction
is locally resolved and is related to the probability for
finding a conduction electron at a particular site. This is
called the "local spin density. " Note that this simple pic-
ture is only correct for m electrons.

However, the relation between the local hyperfine in-

teraction and the local spin density is by no means
straightforward as was pointed out in Sec. II. In earlier
work we have used the Karplus-Fraenkel relation Eq.
(11) (Ref. 11), which takes into account the core polariza-
tion due to on-site as mell as neighboring-site spin densi-
ty. Note that the negative sign of Q„ in Eq. (11) leads to
possibly considerable negative hyperfine interaction even
with positive spin density. This is in fact observed in our
spectra for lines g and h which show large negative
Knight shifts.

For a given spin-density distribution it might be useful
to calculate the local isotropic hyperfine interaction by
using Eq. (11). However, it is dangerous to derive the lo-
cal spin density from a given data set of hyperfine interac-
tions by a self-consistent solution of Eq. (11). In order to
demonstrate this, we have included the spin densities cal-
culated in this manner in column 3 of Table II. Note that
the values are unreasonable and deviate strongly from the
theoretical values. ' Moreover, the sum over all local
spin densities is negative. The failure of the Karplus-
Fraenkel relation in (FA)2X-type conductors may be con-
nected with the fact that the bond length within the FA
molecule varies considerably. '

As a more direct approach me propose here to use the
dipolar part of the hyperfine interactions which were
determined experimentally and are listed in Table II. Ex-
perimentally, only the Knight-shift component %33 and
the total-shift tensor elements 5», 5@2, and 533 are known.
One therefore has to make an intelligent guess about the
other Knight-shift components E» and E22. Figure 5
shows that the difference 5» —

522 at the secondary car-
bon atoms has just the same value as the corresponding
value of the chemical-shift differences in solid benzene.
This means that K» -E22, i.e., the Knight-shift tensor is
effectively axially symmetric as is the corresponding
hyperfine tensor. An axially symmetric hyperfine tensor
is, in fact, expected due to the dipole interaction of the
electron spin in the p, orbital at the nuclear site. This
follows from symmetry considerations applied to Eq. (12).
A contribution of spin densities at neighboring sites as
well as spin polarizations of o. bonds should lead to a de-
viation from axial symmetry which can, however, not be
severe as shown above. We conclude that their influence
is less important.

TABLE II. Hyperfine tensor, i.e., isotropic part a and dipolar parts A 33 A 33 a and
(2 ll+ 322)/2=(a —333)/2. The experimentally determined spin densities p;„and pdjp derived from
these hyperfine interactions as described in the text are compared with the calculated spin densities pMQ
according to a McLachlan-Hiickel type MO theory (Refs. 7 and 33).

Site

—4.03 MHz
—5.45 MHz

7.29 MHz
—2.05 MHz

0.81 MHz
6.35 MHz

—4.06 MHz
6.16 MHz

—0.41 MHz

piso

—0.143
—0.107

0.024
—0.019
—0.019
—0.052
—0.114

0.019
0.006

—0.48 MHz
—3.36 MHz
13.49 MHz
2.50 MHz
7.09 MHz

14.21 MHz
—1.37 MHz
12.47 MHz
4.48 MHz

(3 ll )+ 322)/2

0.24 MHz
1.68 MHz

—6.75 MHz
—1.25 MHz
—3.55 MHz
—7.10 MHz

0.68 MHz
—6.24 MHz
—2.24 MHz

pdjp

0.002
—0.011

0.061
0.015
0.035
0.066

—0.002
0.057
0.023

pMQ

—0.012
—0.011

0.066
0.024
0.025
0.065

—0.011
0.067
0.026
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We determine the pure dipolar part 2 33
= A 33, a;„of

the hyperfine interaction from K33 by using Eq. (8) and
the known susceptibility. In a first approximation 2 33 is
directly proportional to the p, spin density on the corre-
sponding carbon atom. For absolute values of the spin
densities we used the normalization of the spin density to
one over the (FA)2 dimer rather than an anisotropic cou-
pling constant from the literature. This seems to be
justified in the light of no observed hyperfine interaction
on the anions. ' The total sum of 333 over the (FA)2+
dimer was ascertained to be 204 MHz. This compares
reasonably well with the theoretical value of 182 MHz
from LCAO-MO calculations.

In a second step we treat the effect of the spin densities
in neighboring positions as a small perturbation. Within
a point, dipole approximation 3 33 can be calculated by a
formula similar to Eq. (11) where the on-site normalized
hyperfine constant Q =204 MHz and the nearest-
neighbor hyperfine constant Q„=—7 MHz. The latter
value demonstrates the minute inhuence of the neighbor-
ing sites.

The p, spin densities obtained by this procedure are
summarized in the sixth column of Table II. For a pic-
torial representation of the experimentally determined
spin densities, we have plotted in Fig. 7 different circles
where the circle diameter corresponds to the local spin
density. It is evident from Table II that our experimental
values agree surprisingly well with theoretical spin-
density calculations based on a Huckel-McLachlan-MO
theory. '

Finally, we want to discuss the relative size of the
chemical-shift and Knight-shift tensor. The chemical-
shift tensor at each nuclear site can be calculated from
the difference between the total-shift and the Knight-shift
values given in Table I. It turns out that the chemical-
shift tensor for most sites is indeed very similar to the
benzene chemical-shift tensor, as is expected for an
aromatic molecule. It is dominated by the ordinary di-
amagnetic and paramagnetic contributions according to
Eq. (4). The "Van Vleck contribution" Eq. (5) seems to
be negligible, as was discussed above. The chemical-shift
tensor is of the same order of magnitude at the different
nuclear sites, whereas the Knight-shift tensor varies
drastically for different positions according to the local
distribution of the conduction electrons. Its magnitude is
mostly smaller than the chemical-shift tensor except for
those sites where the conduction-electron density is high.
Interestingly enough, there the Knight-shift tensor is
about as large as the chemical-shift tensor but with oppo-
site sign. This leads to an almost complete cancellation
of the total-shift anisotropy. The isotropic appearance of
lines a, b, c is therefore accidental and buries, in fact, a
large chemical as well as Knight-shift anisotropy.

V. SUMMARY

We have determined the locally resolved ' C Knight-
shift tensor in (FA)2X type organic conductors. From
these data isotropic and anisotropic hyperfine interac-
tions were determined at each particular carbon site. It

Lr.

FIG. 7. Graphical representation of the local p, -spin densi-
ties determined by the ' C Knight-shift anisotropy. The diame-
ter of the circles is proportional to the spin density; the open
circles denote negative spin densities.

was demonstrated that an uncritical application of the
Karplus-Fraenkel relation for the determination of spin
densities from hyperfine interactions may lead to un-
reasonable results. Spin densities from Knight-shift an-
isotropies, however, seem to be much more reliable due
to the local nature of the dipole interaction. It can be
concluded that a small or even negative p, spin density at
a specific site leads to a more or less isotropic Knight
shift with a considerable negative value due to the spin
density on neighboring atoms. A large p, spin density re-
sults. in a positive Knight shift with an important aniso-
tropic part. The spin densities determined on this basis
compare very well with a Huckel-McLachlan-MO calcu-
lation. These findings demonstrate once again that the
conduction-band molecular orbital is largely determined
by the molecular orbitals of the constituent molecules
and not so much by the p, overlap to neighboring mole-
cules in the organic conductor. It seems to be, therefore,
not surprising that the molecular packing in the solid
occurs in such a way that the overlap between neighbor-
ing molecules is optimized at the position of highest spin
density. A detailed spin-density map of the conduction
electrons was obtained.
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