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G. DENNINGER 
Universitat Bayreuth and BlMF 0-8580 Bayreuth, F. R. Germany 

Radical cation salts of pure hydrocarbons are model systems for organic conductors. Electron spin 
resonance experiments in (Ruoranthene);PF; are reviewed with special emphasis on the elucidation 
of conduction band properties. Pulsed ESR measurements allow the direct determination of the diffusion 
constant of the electrons. Double resonance techniques like the Overhauser shift method allow a detailed 
investigation of the anisotropic hyperfine interaction of the conduction electrons with protons and 13C. 
The Overhauser shift technique complements Knight shift experiments. The conduction band charac- 
teristics derived from these experiments are strongly influenced by the molecular orbitals. 

1. CESR IN ORGANIC CONDUCTORS 

In this contribution we will concentrate on the role of electron spin resonance 
(ESR) in studies of conduction electrons in organic conductors. Conduction elec- 
tron spin resonance (CESR) is particularly suited to study the dynamics of the 
electronic transport mechanisms in organic conductors. The main reason is that, 
due to the low Z of the atoms in organic substances, the spin orbit coupling of the 
charge carriers is weak and the resulting CESR lines can be extremely narrow. 
This is in contrast to the situation in classical metals. The second reason is, that 
the hyperfine coupling of the electrons to magnetic nuclei gives rise to the phe- 
nomena of Knight shift, Overhauser shift, Dynamic Nuclear Polarization and nu- 
clear spin lattice relaxation governed by the dynamics of the charge carriers. Unlike 
to most classical metals where isotropic interactions prevail due to the cubic sym- 
metries, the interactions in organic conductors are highly anisotropic reflecting the 
molecular symmetry of the constituting molecules. Both ‘H and 13C are accessible 
in pure hydrocarbons and can serve as “local probes” for the charge carriers. 

Organic conductors can be roughly classified by their morphology: there is the 
group of polymers made conductive by “doping” and the group of charge transfer 
salts which can be made to crystallize in single crystals. Even if the polymers seem 
to be more promising regarding practical applications they seem to be very poor 
candidates to unravel the microscopic mechanisms of electronic conduction in or- 
ganic materials. Single crystals of sufficient size and quality are a prerequisite for 
detailed investigations. We have concentrated our research efforts mainly on the 
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316 G. DENNINGER 

study of radical cation salts of small aromatic hydrocarbons with inorganic coun- 
tenons like PF; , AsF; , SbF; . The organic constituent of these salts are from the 
group of aromatic ring systems like naphtalene, perylene, pyren br fluoranthene. 
These radical cation salts can serve as model systems for organic conductors as will 
be explained in the next chapter. 

2. RADICAL CATION SALTS AS MODEL SYSTEMS FOR ORGANIC 
CONDUCTORS 

An organic conductor is a substance where the conductivity is derived from electrons 
which are responsible for the binding of the organic molecules, i.e. the conductivity 
arises from molecular orbitals derived from s- or p-type atomic orbitals. It turns 

C 

C 

1- 1.L77nm -4 

1 

7- 

0.333nm 

0.328nm 
-+- 

T 1.257 nm 

FIGURE 1 Crystal structure of (FA);PF,- as determined by Enkelmann.’ Upper part: Unit cell. The 
distances are for 300 K. The fluoranthene molecules are dirnerized along the stacking axis a .  Lower 
part: Projection onto the b,c plane. The PF; counterions occupy the positions in the empty “channels” 
between the (FA) molecules. 
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CONDUCTION ELECTRON SPIN RESONANCE 317 

out that the conduction phenomena are mainly attributable to the n-electron sys- 
tems of either conjugated polymer chains or aromatic ring systems. In the first case 
it is the overlap between adjacent worbitals coupling along the chain that give rise 
to the conduction band. In the second class it is the overlap perpendicular to the 
plane of the aromatic ring systems which is important for forming the conduction 
band. In both cases it is essential that the band formed is partially empty to enable 
electrical conduction. This is accomplished by a partial or total charge transfer 
from the organic molecule to a counterion. Oxidation of the organic molecules 
leads to p-type conduction, whereas reduction would yield n-type conduction. If 
both constituents (donor and acceptor molecule) are organic, the charge transfer 
is often incomplete. The radical cation salts with inorganic counterions show distinct 
advantages for studying the conduction phenomena: 

a) The charge transfer between the organic molecules and the inorganic ion is 
complete due to the large electronegativity difference. 

b) The conduction phenomenon is nearly completely governed by the aromatic 
constituents, since the counterions form closed-shell subsystems. 

c) Many radical cation salts show perfect stoichiometry and crystallize in single 
crystals. 

The main disadvantage is, that they represent only one class of organic conductors 
and are only restricted models for conducting polymers like for example doped 
polyacetylene. Since the first report on the electrochemical crystallization of the 
radical cation salt of naphthalene and fluoranthene (FA) with suitable counteran- 

these salts have aroused considerable interest. This interest multiplied when 
a narrow spin resonance line was detected and could be attributed to the conduction 
 electron^.^ Figure 1 shows the crystal structure of (FA); PF, .5 The (FA) molecules 
are arranged in stacks and the counterions occupy channels in between. The crystals 
show a stoichiometry of 2:1, which means that within the (FA) stack 1 electron is 
lacking per dimer as compared to the neutral stack. The molecules are slightly 
dimerized along the stacking direction as shown by the distances 0.333 nm and 
0.328 nm. Therefore, the conduction band is half filled. 

The ESR originates from the charge carriers. This has been demonstrated by a 
series of experiments some of which are presented below. The crystals are con- 
ducting along the stacking axis a with conductivities between 100-1000 (Slcm)-l 
at 300 K.6 The value of the conductivity perpendicular to the stacking direction is 
smaller by at least a factor of 1000. These quasi “one-dimensional” properties of 
the charge carriers are reflected in the spin dynamics of the electrons and the 
magnetic nuclei. At T = 180 K a phase transition to a semiconducting state occurs. 
We will concentrate on the high temperature “metallic” phase only. 

3. CW-CONDUCTION ELECTRON SPIN RESONANCE 

A strong ESR signal is observed in the temperature range between 300 K and 180 
K. This regime is called “metallic.” There are numerous investigations supporting 
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318 G. DENNINGER 

the notion of electrons forming a Fermi system and being responsible for the 
observed conduction phenomenon: 

i) The static magnetic susceptibility is dominated by the contribution from the 
electrons above 180 K.’ 

ii) The proton spin lattice relaxation rate is proportional to the temperature T 
between 180 K and 300 K.8.9 This Korringa-type behaviour is a strong indication 
for mobile electrons obeying Fermi-Dirac statistics. 

iii) Optical reflection measurementslO and thermopower investigationsll on sim- 
ilar radical cation salts indicate a “metallic” conduction band with a tight-binding 
bandwidth of 4tll = 2.25 eV. 

iv) The temperature dependence of the observed ESR-signal is identical to the 
measured static susceptibility above 180 K. The absolute intensity of the ESR- 
signal shows that every (FA), dimer contributes one electron to a one-dimensional 
band with a Fermi-temperature of TF - 2200 K9 
The observed resonance signal has a Lorentzian line shape in the region 300 K to 
180 K. The linewidth depends somewhat on crystal quality: it varies between 1 
pT-2 pT at 300 K and has a minimum of 0.8 pT at 200 K. In frequency units this 
corresponds to 22 kHz. This is a remarkably small value for the solid state. This 
value already shows that the electrons must be either mobile or that rapid spin 
diffusion can take place. Both would lead to motional narrowing of the interactions 
that are present in the solid state. If one considers only the hyperfine interaction 
with the 20 protons on one dimer, the observed linewidth would be roughly 14.5 
MHz. The observed linewidth is 3 orders of magnitude smaller. One has to conclude 
that the correlation time T, of the spin at one dimer position is considerably smaller 
than the Larmor precession period of 10-lo sec. If one considers the dipolar cou- 
pling between two spins on adjacent dimers, this would lead to a linewidth of 
=200 MHz. Taking the Anderson-Weil3 formula12 connecting the observed line- 
width Afobs = ((Afdi,),) * T, with the expected linewidth AfdiP due to the dipolar 
coupling,-we can calculate an upper limit of the correlation time T, < 8 - 10-13 s. 
Analyzing the diffusion constant of the electrons yields an actual value of T, = 3 
* lo-” s. This value of the correlation time and the low efficiency of spin-orbit 
coupling as a source of relaxation for the electrons is the clue to the exceptionally 
narrow linewidths observed for the whole class of radical-cation salts built from 
pure hydrocarbons. The role of spin-orbit coupling is analyzed in connection with 
the observed g-factors. 

The skin depth of our samples at 10 GHz is -30 pm for cr (300 K) = 300 
(ncm)-’. Considering the typical sample dimensions (1000 pm x 100 pm x 100 
pm) one would expect non-Lorentzian line shapes according to the theory of 
Dyson.13 This is not observed experimentally. The reason is that in highly aniso- 
tropic conductors the influence of the skin depth is reduced considerably. Quali- 
tatively one should consider the conductivity uI instead of uII, yielding a modified 
skin depth of 2 3  mm. A more detailed analysis14 shows, that only small deviations 
from a Lorentzian signal are expected in our case. 
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CONDUCTION ELECTRON SPIN RESONANCE 
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B o  1 1  _b 
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Boll  c’ Boll _a 
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2.0028 2.0025 2.0024 2.0023 2.0022 2.0021 
g- fac tor 

FIGURE 2 The g-factor of (FA),’PF, along the three principal axes: g, = 2.00222(2); g,, = 
2.00258(2); g,,,. = 2.00226(2). a is parallel to the needle axis of the crystals. 

4. THE g-FACTOR AND ITS ANISOTROPY 

Figure 2 shows the g-factor of (FA),PF6 along the three principal axes. We have 
measured the g-factor with the “internal” ‘H standard via the Overhauser shift 
(Chapter 7). The absolute accuracy is better than 1 - lo-’. The value g,, = 2.00222(2) 
is parallel to the stacking axis a. An analysis of a crystal where the b and c axes 
are.indicated by the crystal morphology shows that g ,  = 2.00258(2) is along the 
b axis and gyy = 2.00226(2) is along c*. The deviations from gfree are: 

a: Ag,, = -(9.9 * 1) * 

c * :  Ag,*=* = - (5 .9 * 1) * lo-’ 

The mean deviation is (Ag) = 113 * (Ago, + + Ag,*,*) = (3.4 ? 1) - lo-’. 
The largest deviations from gfrcc occur along b, whereas Ag,*,* is small. One can 
compare the values to a theory of g-factors for aromatic radical cations’s*16 and to 
measurernent~’~J~ in solutions. The theory predicts a positive shift along the b axis 
for (FA)+ and no shift along the mirror axis c*. The negative value along the a 
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320 G. DENNINGER 

axis is a general property of aromatic molecules and can be understood quantita- 
tively by a more elaborate theory including relativistic effects.18 

We conclude that the measured g-tensor is consistent with the model of a con- 
duction electron band derived from the worbital of the (FA), dimers. It is inter- 
esting to use the measured deviation (Ag) for a calculation of the expected T, and 
T, times of the ESR due to the Elliot rnechani~m.’~*~~ This mechanism connects 
the spin-flip rate 1/T, of the electrons with the phonon-induced scattering time 7, 

which determines e.g. the electrical conductivity. The spin-flips are induced by the 
small residual spin-orbit interaction. In the 3-dimensional isotropic case the Elliot- 
mechanism predicts: 

where Ag is taken to be proportional to the spin-orbit interaction. Taking 7, = 711 

and T, = 44 ns. The measured value of T, = 10 ps  shows, that the Elliot mechanism 
cannot be applied to the one-dimensional case without modifications. One sug- 
gested solution is to use the scattering time - T ~  instead,,’ which would lead to a 
considerably longer T2 - A 7 ,  = 3 - sec would yield T, = 44 ps. The Elliot 
mechanism could contribute part of the linewidth in the radical cation salts. 

= 3 * lo-” S (Ch. 5 )  and Ag = Agbb = 26 * lo-’ we get 1 m ~  = 2.25 * lo’s-’ 

5. DETERMINATION OF THE DIFFUSION CONSTANT OF THE 
ELECTRONS BY ESR 

A Lorentzian line with Afpp = 20 kHz corresponds to a free induction signal of 
the form M,(t) = M, - exp( -t/T,) with T, = 9.19 ps. M,(t) is the transverse 
magnetization in the rotating frame. This exceptionally long value of T, opened 
the way for pulsed ESR-measurement using modified CW-spectrometers or even 
NMR-spectrometers for ESR at 190 The TI and T, times as a function 
of temperature were determined that way.24 Diffusion of the spins in a constant 
gradient G lead to a faster decay of the echo amplitude A(?) in a Hahn spin-echo 
experiment? 

A(7) = A, - exp( -2 * dT,) - exp( -2/3 y2 * GZ D . 9) (1) 

A(T) is the spin-echo amplitude, y the rnagnetogyric ratio of the diffusing spins 
and D is the diffusion constant. In an anisotropic solid the diffusion “constant” is 
again a tensor and by suitable orientation of the single crystal sample with respect 
to B, the three components D,, Dyy, and D,, have been determined.“ 

Figure 3 shows log(A(.r)) versus T for two orientations of the crystal axes with 
respect to B,.24 For u I B ,  an analysis according to (1) yields an upper limit D, 
5 1.2 * 

G2 . D * 72 is directly visible and leads to D,, = (1.3 r 0.3) cm2/s. These meas- 
urements have been extended and improved considerably by the group of Mehr- 

cm2/s. For the u 11 B,  case the additional quadratic term - 1/3 . y2 
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CONDUCTION ELECTRON SPIN RESONANCE 32 1 

ing.26.27 By using a pulsed gradient G, they lowered significantly the limit for the 
determination of the diffusion term D,. Both values D,, and D, are only slightly 
dependent on temperature, but they depend somewhat on sample quality. For 
(FA),PF6 typical values are: 

D,, = (1.3 5 0.3) cm2/s and D, < 1 - cm2/s 

What is the connection between D and the conduction mechanism? A determination 
of D # 0 only signifies that the magnetization M diffuses. This diffusion can be 
caused by an actual motion of the electrons or by spin-diffusion. Assuming an 
electron band with a Fermi energy EF = 0.19 eV we can calculate the following 
relations: 

uII = n . e pll = 435 (Rcm)-’ (2c) 

A = vF * T,, = 0.5 nm ( 2 4  

vF is the Fermi-velocity, T,, is the scattering time parallel to the stacking axis a,  pll 
is the mobility of the diffusing spins, ull is the corresponding conductivity and A is 

FIGURE 3 Logarithm of the spin-echo amplitude A(?) versus T in a constant gradient G .  For u I 
E,, an essentially monoexponential decay is observed. For a (1 B,, the diffusion constant D, is indicated 
by the additional decay proportional to -7’. 
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322 G. DENNINGER 

the mean free path. These values are in rather good agreement with the dc-con- 
ductivity. However, the rather short mean free path A of only -1 dimer distance 
shows, that the application of a free electron gas model is not allowed. Furthermore, 
there is experimental evidence that the magnetic field gradient method measures 
a “macroscopic” D, influenced by paramagnetic impurities present in the crystals.28 
The “true” microscopic diffusion constant D,, could be one order of magnitude 
larger. However, there is still no direct measurement of this quantity. 

We conclude, that the diffusion of the electronic spin can be directly measured 
with ESR methods. One can correlate these measurements with models of the 
conductivity and get good agreement consistent with electronic motion. 

6. HYPERFINE INTERACTION OF THE CONDUCTION ELECTRONS 

The coupling of the conduction electrons to nuclei with a magnetic moment p, is 
the source for a variety of effects. Due to the short correlation time 7, of a con- 
duction electron at a given nucleus, the hyperfine interaction is characterized by 
a few typical effects found usually in metals: 

1) The polarization of the electron system in an applied field B,  leads to a shift 
of the NMR, the Knight shift. 

2) The nuclear spin-lattice relaxation time TI is nearly completely dominated by 
the relaxation via the electron system. The TI times are much shorter than in similar 
solids without conduction electrons. The temperature dependence TI * T = const 
(Korringa law)29 is typical for this situation and is a strong indication for the 
presence of conduction electrons. 

3) The average polarization of the nuclei leads to a shift of the ESR resonance, 
the Overhauser shift.30 This shift is usually very small and hard to measure, but it 
is large in the case of our organic conductors. This is due to the “Overhauser- 
effect,” which leads to 
4) the.“Dynamic Nuclear Polarization” (DNP). By saturating the ESR of the 

conduction electrons, the nuclear polarization of hyperfine coupled nuclei can be 
significantly enhanced. This in turn enhances the Overhauser shift and can be used 
as a sensitive method to investigate the hyperfine interaction. 
In pure hydrocarbons the protons are obvious candidates for studies of the hyperfine 
interactions. Due to the low natural abundance of only 1.1%, 13C is difficult to 
measure, but sensitive techniques have been developed. The counterions like 
PF, are accessible as well. Deuteration of the aromatic constituent and selective 
enrichment with I3C at specific positions can vastly increase the knowledge gained 
from these hyperfine interaction experiments. Experiments directed towards the 
elucidation of the spin-density distribution in these radical cation salts will be 
presented in the next chapter. 

The common source of all these phenomena is the interaction between an electron 
magnetic moment pc = h * ye - S and a nuclear magnetic moment p,, = f i  * y,, . I 
usually written in the operator form 
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CONDUCTION ELECTRON SPIN RESONANCE 323 

with the hyperfine tensor A describing the interaction. Two contributions to the 
tensor A are usually distinguished: The dipolar interaction energy E between the 
two magnetic moments a distance r apart: 

Edi, = (p,/41~) * (p, - pJr3  - 3 * (p, * r )  * (p, - r ) / r5 )  (4) 

and the Fermi-contact interaction 

where 19(0)12 is the conduction electron density at the nucleus. The contact inter- 
action requires the wavefunction of the electron to be non-vanishing at the nuclear 
position. This is the case for s-type wave-functions. For a pure p -  or d-type wave- 
functions the contact interaction vanishes due to symmetry. However, in most 
organic radicals a scalar “pseudocontact” interaction with considerable size is ob- 
served. This is due to the core-polarization effect. In general, one expects the total 
interaction in hydrocarbons to be anisotropic due to the dipolar term (4). It turns 
out, that the electron-I3C interaction is very anisotropic and even for the proton 
hyperfine-interaction the anisotropy cannot be neglected. 

Most pronounced are anisotropic Knight shifts and Overhauser shifts, but even 
spin-lattice relaxation rates depend on angle and position. Relations like the Kor- 
ringa relation rely on an isotropic hyperfine interaction and can no longer be applied 
without caution in organic conductors. This will be made clear in the next chapter. 

7. OVERHAUSER SHIFT AND KNIGHT SHIFT 

For a radical in solution, the hyperfine interaction (hfi) He, = I . A - S usually 
leads to a resolved hyperfine structure of the ESR spectrum. If the electron is 
coupled to many nuclei o r  if the hyperfine couplings are small compared to the 
ESR-linewidth, an unresolved hyperfine structure leads to ESR line-broadening. 
The coupling can be investigated by ENDOR.31 If however the correlation time 
T,  of the electron at a nuclear position gets much smaller than the time scale of 
the hfi, the ESR spectrum coalesces into a single line. Thus, for T, << h/lA), where 
IAl is the trace of A ,  the hfi seems to be completely eliminated. This is the situation 
in metals and in the radical cation salts as well. 

Due to the nonzero polarizations P, and P, of the nuclei and the electrons in 
the static field B,  a residue of the hfi remains: the longitudinal component “shifts” 
the resonance. For a nuclear spin I = 1/2 and S = 1/2 this shift is given by: 

Af, = 1/2 - (A,,/h) * P, 

Af, = 1/2 - (A,,/h) P, (7) 

Af, and Af, are the shifts of the NMR resp. the ESR, A,, is the component of the 
hyperfine tensor in the B, direction and P,, P, are the polarizations. 
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324 G. DENNINGER 

Equation (6) is the well known Knight shift written in an unfamiliar, but instruc- 
tive, way. The complementary relation (7) is the Overhauser shift. At room tem- 
perature P, >> p,, for most metals, and the Knight shift exceeds the Overhauser 
shift. At low temperatures however, the Overhauser shift becomes quite sizable 
in metals like Li and in semiconductors. Most experiments were done at 4 K,32 
and only one application to organic conductors was reported.33 For a metal with 
a density of states D(E) the polarization P, is 

P, = 1/2 (h * ye * B,) * D(EF) (8) 

where D(E,) is the density of states at the Fermi energy and h * ye is the electron 
magnetic moment. With the NMR frequency f,, = h * y,, * B, we can reformulate 
(6) to 

K := Afn/fn = 1/4 (y,/y,,) . A,, * D(E,) (9) 

K is the usual definition of the Knight shift. Equation (9) is only valid, if TF >> 
T. 

Due to the Curie behavior of the nuclear spins, P, is given by 

P,, = tanh(h y,, - BJ(2 kT)) = f r  - y, * BJ(2 kT) (10) 

With f, = h . ye . B,, we define the Overhauser shift: 

Comparing Knight shift and Overhauser shift, the ratio 

is independent of the A,, and can be used to measure directly the density of states 
at the Fermi energy. Thus a combined determination of the Knight shift and the 
Overhauser shift yields direct information on the conduction electron band without 
additional assumptions. This analysis is now possible for the organic conductor 
(FA): PF; , where the ‘H and ”C Knight shifts have been determined by the group 
of Mehring34-36 and the Overhauser shift in our ~ o r k . ~ . ~ ’ * ~ *  In addition, we have 
undertaken a simultaneous determination of both shifts for ‘H which will be pre- 
sented elsewhere.39 
By sweeping a saturating radiofrequency field vd through the nuclear resonance 

position, one observes a shift of the ESR. This shift versus radiofrequency is shown 
in Figure 4 for the protons in (FA),PF6. By a suitable choice of the radiofrequency 
power, a “spectrum” analogous to the NMR is obtained. However, it is not a 
spectrum of intensity versus frequency but rather interaction versus frequency. The 
width of 22 kHz FWHM is typical for a proton solid state spectrum and is explained 
quantitatively by the proton-proton dipolar interaction. More important is the 
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CONDUCTION ELECTRON SPIN RESONANCE 325 

E 
L -  

2 -  

1 -  

- 
A b V ( t )  = AB&exp(-+) 
TI =520msec 

0 1 2 3 '  L 5 
t I sec 

FIGURE 4 Overhauser shift of the protons in (FA); PF; at room temperature. Larmor frequency 
= 14.55 MHz. Upper part: Shift versus radiofrequency. The shift amounts to approx. half the ESR 
linewidth. Lower part: Shift versus time after switching off the saturating NMR frequency. A mono- 
exponential decay with T, = 520 msec is observed. 

maximum shift value at resonance. With B, = 0.34 T we calculate D = -AB,J 
B, = -1.47 - This is very large! 

The expected hfi for protons in aromatic hydrocarbons is known and is A,, = 
a - h with a = -65 MHz. This is the isotropic hfi for a n-orbital radical. Thus we 
predict an Overhauser shift Do = - 4.02 * at 295 K. The observed shift (Figure 
4) is enhanced by a factor of 366. This enhancement of D is caused by the Dynamic 
Nuclear Polarization (DNP) or Overhauser effect. By partially saturating the ESR, 
the nuclear spin polarization is enhanced by a factor D = D, . (1 + V . S ) ,  where 
S is the saturation parameter of the ESR (0 5 S 5 1). For pure scalar coupling 
(contact interaction) V = yJy,, = 658 for protons. For pure dipolar coupling we 
would have V = - 1/2 * y j y n  = - 329. Details are found in the paper by Solomon.40 
Measurement of V by classical NMR methods for the system (Perylene),X- have 
been reported.41 We have analyzed in detail the dependence of V on temperature 
and ~ r i en ta t ion .~  The main result is that V depends strongly on orientation and 
only slightly on temperature. For B, 11 u ,  V,, = 275 ? 20 and for B, I a,  V, = 
525 ? 40. We see that the coupling is predominantly scalar, but that significant 
dipolar contributions enter for B, 11 a. A detailed analysis is found in Reference 9. 

With both D and V determined in our experiment, we deduce an average hy- 
perfine coupling of (A,,)/h = (65 ? 2.8) MHz. This value immediately signifies 
that, 

1) The conduction electrons are derived from the n-orbital of the fluoranthene 
molecule, and 
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326 G. DENNINGER 

2) The conduction electrons are restricted nearly completely to the aromatic 
stack. 

From Equation (12) with Do = -4  - (295 K) and the sum of the proton 
Knight shifts from Reference 35 (K = -128 * we evaluate the density of 
states D(EF) = 2.93 (eV)-l. 

A one-dimensional free electron model with rn = m, yields D(EF) = 2.24 (eV)-l 
(half filled band). 

An important parameter of the conduction electron band can thus be determined 
by magnetic resonance techniques alone. One disadvantage of the proton meas- 
urements has to be mentioned at this point. Due to the large dipolar coupling, the 
individual proton positions cannot be resolved by the Overhauser shift technique. 
Only the average Overhauser shift can be determined. This is not sufficient to  
determine the spin-density distribution of the conduction electrons on the molecule. 
13C seems to be a more promising candidate to achieve resolution to individual 
positions. Due to the low natural abundance of 1.1%, the Overhauser shift signals 
are small and the measuring technique had to be improved to measure D shifts in 
the ppb range. Figure 5 shows the result for two different orientations of 
the crystal. With B, 11 a the measured signal is rather large ( -  125 ppb). Since our 
measurement signal is - D (we switch off the nuclear polarization), this corresponds 
to D, = 125 . For B, 11 c * ,  D,* = - 15 ppb. The value along b, not shown 
in Figure 5, is essentially equal to D,*. Unlike the proton case, 13C shifts are highly 

13C Overhausershift 

FIGURE 5 Overhausershift of 13C in (FA); PF; for two orientations of the field B,. Upper part: 
with B, 11 c*, a small positive shift of -15 ppb is observed. Lower part: with B, 1) a the shift amounts 
to = -125 ppb with a characteristic splitting of the resonance due to nearest neighbor 13C-'H inter- 
action. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
06

 1
9 

Fe
br

ua
ry

 2
01

3 



CONDUCTION ELECTRON SPIN RESONANCE 321 

anisotropic, even reversing sign in different orientations. Without an exact quan- 
titative treatment, the following information can be gained: 

1) Considering the natural abundance and the Y,, of I3C the D, = 125 ppb would 
correspond to 11.4 ppm for protons. The coupling of I3C to the electrons is stronger 
than the coupling to the protons. 

2) Since D, = - 8 - D,* = - 8 - D,, we conclude that the tensor components 
of the "C hyperfine tensor at the individual positions must be axially symmetric 
and that the components in the direction perpendicular to the aromatic plane must 
be a factor of -8 larger than the components in the plane. This and the changing 
sign is consistent with the conduction electron occupying a worbital derived from 
carbon-p, type orbitals. 

The apparent TI for the shifts in the different directions is very different as well 
(Figure 6). Whereas the 125 ppb component builds up with TI = 5 sec, the small 
- 15 ppb component has a T, = 0.4 sec. Qualitatively, this can be understood by 
considering the hyperfine interaction as responsible for the relaxation. The tensor 
components perpendicular to the B ,  direction are then responsible for the relaxation 
rate. Thus the 125 ppb component is only relaxed via the 15 ppb terms and has a 
long TI and vice versa. A quantitative discussion would be based on the knowledge 
of the tensor components at the individual carbon positions. These have become 
available from Reference 34, where high-resolution NMR techniques have been 
applied to unravel the individual couplings. Other work towards the same end have 
been published m e a n ~ h i l e . ~ * . ~ ~  

A different approach to spatial resolution of the conduction band spin density 
is by replacement of the protons in (FA) by deuterium. The *H magnetic moments 

t I s  - .  - 
0 0 5  1 0  1 5  2 0  

I I I 

I3C Overhausershif t 
\ 

&O- m -  a 
30- 

20 - 

10- 1 

I 

OO 2 

i-80 
FIGURE 6 13C Overhauser shift versus time for two orientations of the magnetic field B,. The larger 
negative a 11 E, component displays a time constant TI = 5 sec. The small positive a I B,  component 
decays with t.400 msec. The Larmor frequency is -3.6 MHz. 
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328 G .  DENNINGER 

provide directional resolution via the quadrupole interaction. For I = 1 the NMR 
is split into two resonances separated by AEQ. In the high B, limit and for an 
axially symmetric quadrupole tensor, the splitting AEQ amounts to 

where 8 is the angle between the chemical bond axis and B, and AQ is a constant 
characteristic for C-H bonds in hydrocarbons. Figure 7 shows the Overhauser 
shift of *H in (FA):PF;. For B,II a, all the individual bond angles are perpendicular 
to B,, thus 8 = 90" and the separation yields directly AQ = 140 kHz. With B, in 
the molecular plane, the different ZH bonds lead to a separation on the frequency 
axis. Using Equation (13) and the orientation of the crystal with respect to B, 
(known from the g-factor assignment), we are able to assign the different positions 
on the molecule. As is apparent from the lower two curves in Figure 7, only the 
nuclei at positions 3 and 8 show up significantly. The numbering is given in Figure 
8. Due to the quadrupole splitting and the rather low y of 2H the individual lines 
are separated and there is no appreciable spin diffusion between different positions. 

We have to extend Equation (11) (Overhauser shift) to the case of many mag- 
netically inequivalent nuclei. The shift Dj of a nucleus at position j is given by: 

AJ is the hyperfine tensor of nucleus j and Vj is the enhancement factor, which 
can be different for different positions. 

-300 -200 -100 0 +loo +200 + 
f- f 0 /kHz 

DO 

FIGURE 7 2H Overhauser shift with B, along the three principal axes of the g-tensor: a) for B, 11 a, 
all ZH contribute at the same resonance frequency. The observed quadrupole interaction is =140 kHz; 
b)-c) with B, 11 b and B, 11 c', only position nos. 3 and 8 contribute significantly. 
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0 9' L 1 
FIGURE 8 Orientation of the principal axes of the proton hyperfine tensors at molecular position 3 
and 8. The third axis is perpendicular to the plane. 

If the individual V J  were known, we could immediately calculate A]. Since one 
expects the trace (A') to be proportional to the conduction electron spin density 
p at the corresponding carbon position, we could calculate p at the molecular 
positions 3, 4, 5, 8 and 9. This determination of the individual Vj has not yet been 
possible. However, we can conclude that: 

1) The average enhancement factor (V) can be calculated from Equation (14) 
for the direction B, 11 a. From Figure 7 we have D = 185 ppb, which immediately 
yields V,, = 1900 for 2H. The maximum possible enhancement would be re ly ;  = 
4284. 

Thus the ratio VN,,,  for 'H and 2H are nearly identical: 275/658 = 0.42 and 
1990/4284 = 0.44. This clearly shows, that the *H are predominantly relaxed via 
the electrons and that the quadrupole interaction is a negligible source of relaxation. 
This tells us, that the 2H can be polarized to a high degree. In fact, we expect V, 
in the plane to be -3600, showing the high sensitivity of an Overhauser experiment. 

2) The only significant spin density is in positions 3 and 8. However, we only 
detect the carbon positions connected to a proton (resp. 2H). The spin density on 
positions 4, 5 and 9 is less than 30% the value at position 3 and 8. 
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3) The shift at  position 8 is significantly less than the shift at position 3 for both 
orientations (Figure 7). Even without a detailed analysis we conclude, that the 
hyperfine tensor elements for position 8 must be smaller in value than the corre- 
sponding elements for tensor no. 3. 

From a high resolution NMR experiment the proton hyperfine tensors at these two 
positions are now available (Reference 35). In this work two tensors were identified: 

Tensor 1: All, A22, A33 = ( -  3 MHz, - 11 MHz, - 6 MHz) and 
Tensor 2: ( - 1 MHz, - 9 MHz, - 6 MHz). 

Clearly we have to identify tensor 2 with the position 8 and tensor 1 with position 
3. The Overhauser shift thus completes an assignment which could not be made 
by the Knight shift measurements alone. 

CONCLUSION 

Electron spin resonance allows detailed investigation of static and dynamic prop- 
erties of the conduction electrons in radical cation salts. This is especially true, if 
double resonance techniques like the Overhauser shift method are employed. This 
method complements Knight shift measurements. Some of the techniques discussed 
in this contribution require the use of single crystals, others can be applied to 
polymers as well. Narrow ESR lines are an advantage, but we have demonstrated 
the applicability of the Overhauser shift technique for lines up to 200 pT in width. 
Technical improvements and higher ESR-frequency setups will extend the range 
to new materials. 
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