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New phosphoranyl radicals [(RIOkEPOSIR]* (R = R' = Et, 1, R = iPr, R = Et, 2) were generated and
studied by EPR, in both liquid and frozerhexane. 1 and2 were shown to be very persistent (forzy, ~

50 min at 293 K), and their EPR isotropic spectrum is composed of a large doublet resulting from the
phosphorus hyperfine couplindg ~ 2800 MHz). The modulation of the anisotropic part of the hyperfine
phosphorus coupling was shown to be the main relaxation mechanism contributing to the EPR line width.
Its contribution was close to 98% at 230 K and decreased to 75% at 330 K. The contribution of the exchange
coupling between two radicals was negligible at 230 K but reached 25% at 330 K. Rddacal®, strongly
influenced theT; of the solvent hydrogens, and mhexane at 273 K the efficiency factor @fwas 0.55.

Using this value and a model previously described for stable nitroxides, the maximum value of the low-field
dynamic nuclear polarization factor of amhexane solution o2 was found to be close to 28 10°. This

value is approximately 10 times higher than the value measured and calculated for the most efficient nitroxides
currently used in low-field DNP experiments.

Introduction electrochemical oxidation of triarylphosphines; but these solu-
The basic principle of dynamic nuclear polarization (DNP) tions were not appropriate for DNP applications owing to the

in liquidst is the amplification of the NMR signal of nuclei ~ Presence of the supporting electrolyte.
(mainly protons) attached to solvent molecules. This amplifica-  During the last 25 years, phosphoranyl radicals?Y(Y =
tion is obtained through the coupling of the nuclear spin system, OR, NR2, SR), generated by reaction of free radicals with
with the electronic spin system of stable or at least highly tervalent phosphorus compounds, have been widely stddiéd,
persistent free radicals used as solutes. When the polarizingand electron paramagnetic resonance spectroscopy (EPR) was
free radical exhibits a strong scalar hyperfine coupling with a showrt® to be the most important technique for determining
low-spin nucleus, the signal enhancement can be particularly either their fragmentation pathway or their structural and
high2=5 On the other hand, the intensity of the DNP depends stereochemical properties. It is now well established that
also on other factors, like the magnitude of the EPR line width phosphoranyl radicals usually adopt a trigonal bipyramid (TBP)
AHeprand the efficiency factdr, which measures the influence  geometry, the unpaired electron being described by a molecular
of the unpaired electronic spin on the longitudinal relaxation orbital delocalized over the phosphorus atom and the apical
time of the solvent nucléfN-labeled stable nitroxides are ligands and containing a significant weight of the phosphorus
routinely used in low-field NMR magnetometers; however, the 3s orbital®=*2 The large contribution of the P3s orbital to the
15N hyperfine coupling is small56 MHz), thus limiting the SOMO (singly occupied molecular orbital) results in a large
sensitivity of the apparatus. phosphorus coupling (226600 MHz), and if the ligands do
Most free radicals centered on phosphorus, because of theimot contribute to the hyperfine coupling pattern, a large doublet
strong phosphorus hyperfine coupling, could be of great interestis the main feature of the liquid solution EPR spectrum of a
for DNP. Triarylphosphoniumyl radicals, 4", which have  TBP phosphoranyl radical. All the EPR characteristics of TBP
been the SUbjeCt of prEViOUS Stud?e§,were characterized by phosphorany] radicals Suggest that these species m|ght be
a large phosphorus hyperfine coupling constapt: 700 MHz, particularly efficient for DNP. However, as reported in the
whereas for the nitroxide radicals commonly used in DNP |iterature, kinetics of decay of these radicals are very fast and
experimentsAy ~ 60 MHz. However, solutions of persistent  most of them are very short lived. We have recently siéwn
triarylphosphoniumyl radicals could be prepared only by hat phosphoranyl radicals bearing four (trialkylsilyl)oxy ligands,
[(R3SIOXPOSIR)*, can be very persistent in solution, and we
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Figure 1. Energy levels and associated eigenstates corresponding to the spin hamiltonian for tahic®sn a low magnetic field (the notations

a, B stand forms = +%, and —/,, respectively).
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the measure of the efficiency factband the calculation of the
DNP enhancement factér for very low magnetic fields.

Theory

The coupling between the electronic spin syerlamd the
proton solvent nuclear spin systdnmay be expressed s
B %

IO

0,0= | (1 pfi—— (1)

I,0 and [5,0are the nuclear and electronic polarizations,
respectively, andp and S their values at thermal equilibrium.
The factorp depends on the nature of the coupling between the
two systems, either scalas &€ —1) and (or) dipolar § = /).

In the case of phosphoranyl radicals, we will assume that this

coupling is purely dipolar, and we will use = /,. The
efficiency factor or leakage factbdepends both on the strength

of the dipolar coupling and on the absence of other paramagnetic
species in the solution; its value ranges between O and 1 and is F,, =

given by

@)

whereT; and Ty o are the NMR longitudinal relaxation times of

of 1 and2 are composed of a large doublet, resulting from the
hyperfine scalar couplindy of the unpaired spirs with the

spin K of the phosphorus nucleus. Neglecting the nuclear
Zeeman interaction, the spin Hamiltonian can be written

H=HhASK+H (3)

whereHzeemanrepresents the electronic Zeeman interaction. In
very low magnetic fields (like the Earth’s magnetic field), the
hyperfine scalar coupling can be considered as the main part of
the Hamiltonian andHzeeman @S @ small perturbation. The
eigenfunctions oH and the corresponding energy levels were
obtained using stationary perturbation theory and are shown in
Figure 1.

Itis interesting to point out that the energy level diagram for
radicalsl or 2 is the same as that &N nitroxides commonly
used for low-field DNP experiments.

For solutions ofl or 2, dynamic nuclear polarization could
be induced by saturating either of the allowed transiti¢gd®({
< |1,1{4 < 1) or |0,00<« |1,-1(4 3). The expected DNP
enhancement factdf is then given by

_EI]D

Zeeman

(4)

It is easy to show that in the absence of electron spin relaxation,
the theoretical values df would be given by

SR i

36()
2A, Sw\~ 2A.

S
2 Ap)f
(5)

wherews andw, are the electronic and nuclear angular Larmor
frequencies respectively. The DNP enhancement factor has a
lower value when the electron spin relaxation is considered.

Far= 8w,

the solvent protons in the presence of the polarizing radical andFor this purpose, Ayant et &:1%developed a model allowing
for the pure solvent, respectively. The liquid phase EPR spectracalculation of the low-field DNP factor for solutions &N



5642 J. Phys. Chem. A, Vol. 101, No. 31, 1997 Marque et al.

nitroxides. This model was recently improved by Belorizky et whereb* is an effective distance that can significantly differ
al8 and can be easily adapted to solutiond of 2. According from b and is defined from the relative diffusion constant of
to this model the DNP factdf can be expressed in a simplified  two radicals byD = (kKT)/(67zb*#), u = (L/ro)(D/2J)¥2, andNs

form as

S )

ZwICIJ(a)S,a)l,w,Ap,AHRPE)

(6)

AHgpeis the EPR line width at low field, an® is a complex
function involving the complete electron spin relaxation maérix
that describes the time evolution of the populations of the levels
due to the relaxation processes; = |ys|Ho, w1 = |ys|H1, Ho
andH; being the Earth’s magnetic field and the radio-frequency
field rotating at angular frequenay.

According to eq 6, high DNP factors are expected with
solutions of free radicals exhibiting a high isotropic hyperfine
coupling, a small EPR line width, and a strong interaction with
the solvent molecules. Typical values for nitroxide solutions
areAy = 60 MHz,f = 0.7, andAHgpr = 1.4 x 105 T.20

The contributions to the electron spin relaxation matrix can
be estimated by studying the influence of different factors
(solvent viscosity, temperature, radical concentration) on the
EPR line width. The low-field EPR line widtAHgpg cannot
be directly measured; however, it can be deduced from the line
width AH* measured at high field$:15 For radicalsl and2,
we assumed that the high-field EPR line width arises mainly
from two mechanisms: the modulation of the anisotropic part
of the hyperfine couplingAH},- and the exchange coupling
between two radicalAHg, .. AH* may be written as

AH*= AH{e + AHgy ¢ ©)

For a paramagnetic molecule exhibiting an axial symmetry
and a hyperfine coupling with a spianucleus, it was show
that AH}- can be written

_ 2

8
o3 ®)

AHLe T (o + fmy + ymy)

with

— L oan2+ L Aagwd? — LagAA-
o= 40(AA) + 45(Ag wg) 12Ag AA-A  (8a)

=)

A A AY L a2z L Aan.
y = 220N (ws) + AR+ GAGAAA  (8C)

A7 Any?

B = 1eAAAG g — < g (8b)

7, = 4(nrd)/(3KT) is the rotational correlation time, is the
effective radius of the paramagnetic molecujgs the solvent
viscosity,AA = A, — Ag, andAg = g — do.

The exchange coupling can be modeled by the exchange
integal J'8 between two radical molecules with differemi
values. Only two values are considered fhexpressed in
frequency units: zero for > ro and a constant value fdr <
r < ro, wherer is the interspin distancey is the radius of an
effective collision sphere, ant is the minimal distance of
approach of the two diffusing radicals. Thus, for radichats
2 with K = 15, AHE, may be written as

r

To KT,
b*

=2 7N5¢(U)

- Vs‘/§

AH)I(EXC

2
3 )

is the density number of paramagnetic moleculegu) is
A+ Z2tan

defined by
pranfa -2

o(u)=1—-R
1+ ’% tam{(l - /I)é]

(10)

with
E=(i/2)"* and A=bir,

Finally, settingx = T/10% and introducingCs, the radical
concentration in meL~1, we obtained

AH* = OLT”F + 0, XCp(PV'X) (11)

with, in SI units,onr = 2 x 1 r3 (a0 + Smk + yMk?); Cexc
=36.35x 105 rg/b*; P = 1.2 x 1079 (reb*J)~22

Experimental Section

EPR Spectra. The radicalsl and2 were generated by UV
photolysis ofn-hexane solutions containingSiO0SiE and
P(OSiEg)s or P(OSiiPg); respectively. The EPR spectra were
obtained with an ESP 300 Bruker X band spectrometer, equiped
with a HP 5350B frequency meter and a NMR Gauss meter.
The temperature was controlled by an ER 4111 VT apparatus.
Irradiation of the samples was done with a 1000 W Xe-Hg lamp,
and the beam was focused with a suprasil lens. The samples
were degassed by several freepgmp-thaw cycles under high
vacuum (10° Torr). To record the anisotropic spectra, the
radicalsl and2 were generated in-hexane solutions at room
temperature, and then these solutions were shock-cooled in
liquid nitrogen to form glasses.

Measure of the Efficiency Factorf. A flask containing
P(OSiiPg)3 (0.3 M, 16.5 g) and BESIOOSIES (0.05 M, 0.78 g)
in 60 mL of n-hexane (distilled over sodium - benzophenone)
was prepared under inert atmosphere and was sealed under high
vacuum. After 90 min of UV photolysis at room temperature,
the concentration a2 was estimated (by EPR) to bex5104
mol L%, and the flask was kept at 277 K. At this temperature
the half-life of 2 is 165 min.

Nuclear relaxation time measurements were performed in the
ambient Earth’'s magnetic field, on a home-made relaxorfetér
placed in an amagnetic chamber regulated at 273 K. The sensor
consisted of two coils containing two flasks, one filled with
the sample to study and the other empty. The coils were
connected in opposition to a differential amplifier in order to
cancel the external magnetic disturbances. The solvent protons
were first polarized by applying a strong magnetic field. Then,
this field was switched off, and the longitudinal temporal decay
of the created magnetization was measured. In a semilogarith-
mic scale the observed signal decay was a line of slopg, 1/
whereT' is the transverse relaxation time including all magnetic
inhomogeneities. Several experiments were performed using
different polarization times until the maximal magnetization was
obtained. A plot of the magnetizatiars the polarization time
provided theT; values with a 10% accuracy.

Results and Discussion

EPR Spectra. The isotropic EPR parametersbénd2 were
characteristic of phosphoranyl radicals with a TBP structure.



Persistent Silylated Phosphoranyl Radicals J. Phys. Chem. A, Vol. 101, No. 31, 19%643

. * TABLE 1: EPR Characteristics of Radicals 1 and 2
Deduced from Their Anisotropic Spectra
. | radical 1 2
ot ' r A (T) 0.1091 T 3055 MHz 0.1127 T 3156 MHz
A (T) 0.0932 T 2610 MHz 0.0978 T 2738 MHz
Aga'c (T) = (A + 2A0)/3» 0.0985T 2758 MHz 0.1027 T 2876 MHz
o 2.001 2.0002
*: major species Jo 1.9995 2.0003
*: minor species Field (T) Jcalc— (g|| + 295)/3 2.0010 2.0016
T T T T T - Bo (T) = (A + Ap)/3? 0.0053 0.0050
027 0.293 0.316 0.339 0.362 0.385 b
39 0.20 0.22
Figure 2. High-field isotropic EPR spectrum @a (minor signal) and o3° 0.407 0.38
2b (major signal) inn-hexane at 253 K. P3p/P3s 1.97 1.75

a2 Calculated from anisotropic parameters obtained at 150 fss
and ps, are the spin densities in 3s and 3p orbitals, respectively,
calculated using\, = 0.4752 T,B, = 0.013 T.?

TABLE 2: Physical Constants of n-Hexane* Solutions of 1
and 2 in Sl Units

solution 1 »
Ap(T)at 273K 0.0997 0.1050 [0.1037]
AA(T) 0.0159 0.0149
; Ag 0.0015 — 0.000F
{ rradica|(m)e 7 x 10710 7 x 10710
H re (m) 4.75%x 10710 5.8x 10710
| L (T) b (m) 11x 10710 11x 10710
ro/b 1.2 1.2
0.26 0.4 b*/b 1.2 1.2
a J(sH 2 x 1010 2 x 101
Cs (mol-LY)f 5x 10 5x 104

2The radius of hexane is 38 10°m. ? The EPR parameters for
2aare in square bracketsObtained by simulation with the program
i of Pr Rockenbauet 9Average valuestObtained by Molecular
Mechanic calculations on hydridophosphoranes correspondih@&
and2b.  Estimated by EPRer, o, andb are fitted values.

tions?? the axes of theA and§ tensors were assumed to be
parallel. The resonance field values, the eigenfunctions, and
the transition probabilities corresponding to the spin Hamiltonian
H = BBgS + SAK were determined. The spectral line width
was obtained by assuming a uniform distribution of the
orientations of the radical molecules and a convolution with a

| - 1 (T)

0.26 0.4 Gaussian distibution of the energy transitions characterized by
_ _ b _ _ _ a second momeftto2. The experimental and calculated spectra
Figure 3. Experimental and calculated (dashed line) anisotropic spectra gre shown in Figure 3a,b, and the values of the spin Hamiltonian

in frozenn-hexane (150 K): (a) radicdl, (b) radical2. parameters are listed in Table 1.
High-Field EPR Line Width. As already mentioned, the
SCHEME 2 . . >
) ) ositp relaxation matrix of the electron spin is needed to calculate the
OSiEty OSiEts e DNP factor of a radical solution. To build up that matrix for
poOSiEty . pnOSIFPry 2 ponOSIFPry radicals1 and 2, we modeled their high-field EPR line width
|\051a3 l\OSii~Pr3 l\osias AH, using_eqs 611. Th_e values of the parameters used in
OSiEt, OSii-Prg OSii-Pry the calculations are listed in Table 2. The EPR parameter values
, ) " were obtained from the isotropic or anisotropic EPR spectra of
a

= == = n-hexane solutions. The effective radiysthe distanceo, b*,
and the value ofl were adjusted to give the best fit with the
It is important to mention that the EPR spectraztlearly experimental values ofH X,
showed (Figure 2) the existence of an equilibrium between two  For gl the studied radicals, 2a, and 2b, the calculations
pseudorotamers noteéth (minor component) an@b (Scheme gave close values for the low-field lineng = %/,) and for the

2). high-field line (mx = — %,). The results for radica, in the

A detailed description of the isotropic EPR spectra, as well temperature range 23®30 K, are shown in Figure 4.
as the EPR study of the kinetics of decaylond 2, will be The agreement between the experimental and calculstt#d
published in a forthcoming paper. values is satisfactory over the whole temperature range. The

The frozen solution spectra df and 2 were studied to plot »s temperature of the weight of the two line width
determine the diagonal components of #andg tensors. Due contributions included in our model (eq 7) is shown on Figure
to the very large phosphorus coupling, the spin Hamiltonian 5 for the low-field line of radicala
parameters cannot be deduced from a simple analysis based on Over the whole temperature range investigated, the main
perturbation theory? A numerical simulation based on the full ~ contribution arises from the modulation of the anisotropic part
diagonalization of the Hamiltonian is needed. In these simula- of the phosphorus hyperfine couplingHy-. The contribu-
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TABLE 3: Low-Field Efficiency Factor f of an n-Hexane Solution of 2 at 273 K and Comparison with Other Paramagnetic

Solutions?t
radicals TANO BN TANO DN TANO DN Tober MesP* 2 2
solvents THF MeCN n-hexane THF MeCN n-hexane
Ti0(S) 13 19 9,8 13 14,5 8.05
Ty (s) 4 55 5 5.7 7.5 ~4
f 0.7 0.71 0.49 0.56 0.5 ~0.55
C (mol-L™) 103 103 103 103 2x 1073 ~5x 10
aMes = 2,4,6-trimethylphenyl.
4 AHX (104T) 0,225 - AHgpR (10°4T)
3,54 0.2
34
25.] 0,175
24 0,15
1,5
. 0,125 -
T K TK)
015 T T T T T 1 T T T 1 0’1 T T T T T T T 1 1 T 1
230 240 250 260 270 280 290 300 310 320 330 220 230 240 250 260 270 280 290 300 310 320 330

Figure 4. Temperature dependence of high-field EPR line witiE*
for radical2a (mx = %,): experimental (points), calculated (line).

100 %2
75

50 A

254

0 T ()
T T T T T T T T T T 1
220 230 240 250 260 270 280 290 300 310 320 330

Figure 6. Calculated temperature dependence of the low-field EPR
line widths for radicall (filled line) and2a (dashed line).
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decrease of the DNP factor for solutions of radicalsr 2,

Figure 5. Temperature dependence of the different contributions '€sulting from their larger EPR line width, is largely compen-

X
exc

AH{e () and AH
(mc = 1y).

(j) to the high-field EPR line widthAHX for 2a

X

tion of the exchange couplingdHgyc,

is very small at low

sated by the huge difference in between the isotropic hyperfine
couplings,Ap ~ 0.1 T for1 or 2 andAy ~ 2 x 1073 T for
15N-labeled nitroxides.

Efficiency Factor. The efficiency factorf is the last

temperature, but it represents about 25% of the line width at parameter needed to calculate the DNP faEtoiThe measured

temperatures higher than 330 K.
It should be noticed that we also model&H*, including in
eq 7 the spin-rotation couplingHsg and the dipolar coupling

low-field longitudinal relaxation time$; o andT; of the protons
of puren-hexane and ofi-hexane solutions d, respectively,
are listed in Table 3. The efficiency factbis given by eq 2,

AHpp. The calculated curve was almost the same, the and its value is compararable with that of paramagnetic solutions
contributions of these two relaxation processes being lower thanpreviously used in DNP experimerONP Factor F. Finally,
1%. Note that from the value of the equilibrium constant of ysing eq 6, which is completely derived in ref 16, we calculated

the2a= 2breaction K = 2.24 atT = 293 K, we have for this
temperature 70% ofa and 30% of2b species. We have

the DNP enhancement factor forrehexane solution oRa,
considering a radio-frequency excitation field, rotating at the

checked that the presence of both pseudorotamers modifies theingular frequencpe — ws < w < Ap + ws. As the two EPR

theoretical curve of Figure 4 by less than 1%.

Low-Field EPR Line Width. The low-field contributions
to the EPR line width are deduced from the high-field
contributions according to the following equatiofis:

3
Exc = ZA

HF =

Lanz

AH 18

2
H AH 12

HF )/S\/é r ( )

A plot of AHgpr = AHgxc + AHue vs temperature for
n-hexane solutions of radicalsand2a (mg = ¥/ line) is shown
in Figure 6.

The values ofAHgpr for radicalsl and 2a are larger than
the values found with solutions 8#ND TANO 23 (AHgpr =
0.12x 10T at 293 K, for a radical concentrationso 1074
mol-L™1). For a 10° molar n-hexane solution oR2a, we
calculatedAHgpr= 0.3 x 1074 T at T = 293 K, while a lower
value of 0.17x 104 T was calculated in the same conditions

for a solution of'®ND TANO.2 As shown below, the expected

transitions are very close, they are simultaneously excitated and
the excitation field is taken to give the best DNP enhancement
factor for the|0,00« |1,1[{4 < 1) transition. The results are
shown in Figure 7.

If the electron spin relaxation is not considered, the theoretical
value ofF according to eq 5 should be close to® f6r 2a and
2.7 x 10° for 15ND TANO. The higher value for2a is
accounted for by the magnitude of the isotropic hyperfine
constantA, which is nearly 47 times higher thaAld.
However, when the electron spin relaxation was considered, the
calculatedrF values were 23x 10° and 2 x 1C® for 2a and
I5ND TANO, respectively. The important decrease observed
for 2a can be explained by the important contribution of the
modulation of the hyperfine coupling to the EPR line width.

Conclusion

Owing to the steric crowding that hampers their dimerization
and to the high StO bond dissociation energy that prevents
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Figure 7. Calculated absolute values of the DNP fackors the
frequency of the saturating radio-frequency field for radial

their fragmentation via g-scission, the new phosphoranyl
radicalsl and2 were shown to be very persistentrichexane
solution. The large phosphorus couplings exhibitedlignd
2 indicate an important contribution of the P3s valence orbital
to their singly occupied molecular orbital (SOMO), in agreement
with the small anisotropyXA) of the phosphorus coupling. The
modulation of the anisotropic part of the phosphorus coupling
was shown to be the main electronic relaxation mechanism
contributing to the EPR line width.

Radicalsl and2 strongly influenced thd; of the n-hexane
protons, and at 293 K the efficiency factordivas 0.55. Using

this value and a model previously described for stable nitroxides, 10

the maximum value of the low-field dynamic nuclear polariza-
tion factor of ann-hexane solution oc2awas found to be close

to 23 x 1C%. This value is approximately 10 times higher than
the value measured and calculated for the most efficient
nitroxides currently used in low-field DNP experiments like
triglyme solutions of 1,1,3,3-tetramethymisoindébxyl (TMIO).

Acknowledgment. This work was supported by a grant from
the Direction Geérale des Armes (DGA-DRET). P.T. thanks
Drs. K. U. Ingold and J. Lusztyk from the National Research
Council of Canada for helpful discussions. Dr. A. Rockenbauer

J. Phys. Chem. A, Vol. 101, No. 31, 19%645

from the Technical University of Budapest is gratefully ac-
knowledged for his comments and for providing his EPR
simulation software.

References and Notes

(1) Abragam, A.Phys. Re. 1955 98, 1729.

(2) Abragam, A.; Combrisson, J.; Solomon{d. R. Acad. Scil957,
157.

(3) Solomon, 1.J. Phys. Radiuni958 19, 837.

(4) Landesman, AJ. Phys. Radiumi959 20, 937.

(5) Miuller-Warmuth, W.; Meise-Gresch, Rdv. Magn. Reson1983
1,11

(6) Ferroud-Plattet, M. P.; Belorizky, E.; Berchadsky, Y.; Tordo, P.
Ber. Besun-Ges Phys. Chefr292 96, 12.

(7) Palau, C. Thesis, I'Universite Provence, Marseille, France, 1992.

(8) Culcasi, M.; Berchadsky, Y.; Gronchi, G.; Tordo,J?Org. Chem.
1991, 56, 3537.

(9) Bentrude, W. G. InThe Chemistry of Organophosphorus Com-
poundsPatai, S. series; Hartley, F. R., Ed.; John Wiley & Sons: Chichester,
U.K., 1990; Vol. 1, p 541.

(10) Roberts, B. P. IMdvances in Free Radicals Chemistiilliams,
G. H., Ed.; Heyden and Sons: London, 1980; Vol. 6, p 225.

(11) Bentrude, W. G. IrReactve IntermediatesAbramovitch, R. A.,
Ed.; Plenum Press: New York, 1983; Vol. 3, p 199.
(12) Bentrude, W. GAcc. Chem. Red982 15, 117.
(13) Marque, S. Thesis, I'Universitie d'Aix- Marseille 3, France, 1996.
(14) Ayant, Y.; Casalegno, R. Phys.1978 39, 325.
(15) Ayant, Y.; Besson, R.; Casalegno, R.Phys.198Q 41, 1183.
(16) Lang, K.; Moussavi, M.; Belorizky, EJ. Phys. Chem. A997,
1, 1662.
(17) Wilson, R.; Kivelson, D. JJ. Chem. Physl966 44, 154.
(18) Ayant, Y.;J. Phys.1976 37,219.
(19) Kerr, C. M. L.; Webster, K.; Williams, RJ. Phys. Chem1975
79, 2650.

(20) Kernevez, N.; Duret, D.; Moussavi, M.{ ger, J. M.IEEE Trans.
Magn. 1992 28, 5.

(21) Ferroud-Plattet, M. P. Thesis, I'Universiie Grenoble, 1992.

(22) Bertrand, P.; More, C.; Guigliarelli, B.; Fournel, A.; Bennet, B.;
Howes, B.J. Am. Chem. S0d.994 116, 3078.

(23) Ferroud-Plattet, M. P.; Ayant, Y.; Belorizky, E.; Tordo, $vlid
State Comm1991], 80, 947.

(24) Morton, J. R.; Preston, K. B. Magn. Reson1978 30, 577.

(25) Rockenbauer, A.; Korecz, [Appl. Magn. Resor1996 10, 29.



