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New phosphoranyl radicals [(R3SiO)3POSiR′3]• (R ) R′ ) Et, 1, R ) iPr, R′ ) Et, 2) were generated and
studied by EPR, in both liquid and frozenn-hexane.1 and2 were shown to be very persistent (for1, τ1/2∼
50 min at 293 K), and their EPR isotropic spectrum is composed of a large doublet resulting from the
phosphorus hyperfine coupling (AP ∼ 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. Radicals1 and2, strongly
influenced theT1 of the solvent hydrogens, and inn-hexane at 273 K the efficiency factor of2 was 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 ann-hexane solution of2 was found to be close to 23× 103. 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

The basic principle of dynamic nuclear polarization (DNP)
in liquids1 is the amplification of the NMR signal of nuclei
(mainly protons) attached to solvent molecules. This amplifica-
tion is obtained through the coupling of the nuclear spin system,
with the electronic spin system of stable or at least highly
persistent free radicals used as solutes. When the polarizing
free radical exhibits a strong scalar hyperfine coupling with a
low-spin nucleus, the signal enhancement can be particularly
high.2-5 On the other hand, the intensity of the DNP depends
also on other factors, like the magnitude of the EPR line width
∆HEPRand the efficiency factorf, which measures the influence
of the unpaired electronic spin on the longitudinal relaxation
time of the solvent nuclei.15N-labeled stable nitroxides are
routinely used in low-field NMR magnetometers; however, the
15N hyperfine coupling is small (≈56 MHz), thus limiting the
sensitivity of the apparatus.
Most free radicals centered on phosphorus, because of their

strong phosphorus hyperfine coupling, could be of great interest
for DNP. Triarylphosphoniumyl radicals, Ar3P•+, which have
been the subject of previous studies,6-8 were characterized by
a large phosphorus hyperfine coupling constant,AP≈ 700 MHz,
whereas for the nitroxide radicals commonly used in DNP
experiments,AN ≈ 60 MHz. However, solutions of persistent
triarylphosphoniumyl radicals could be prepared only by

electrochemical oxidation of triarylphosphines; but these solu-
tions were not appropriate for DNP applications owing to the
presence of the supporting electrolyte.
During the last 25 years, phosphoranyl radicals, Y4P• (Y )

OR, NR2, SR), generated by reaction of free radicals with
tervalent phosphorus compounds, have been widely studied,9-12

and electron paramagnetic resonance spectroscopy (EPR) was
shown10 to be the most important technique for determining
either their fragmentation pathway or their structural and
stereochemical properties. It is now well established that
phosphoranyl radicals usually adopt a trigonal bipyramid (TBP)
geometry, the unpaired electron being described by a molecular
orbital delocalized over the phosphorus atom and the apical
ligands and containing a significant weight of the phosphorus
3s orbital.9-12 The large contribution of the P3s orbital to the
SOMO (singly occupied molecular orbital) results in a large
phosphorus coupling (2200-3600 MHz), and if the ligands do
not contribute to the hyperfine coupling pattern, a large doublet
is the main feature of the liquid solution EPR spectrum of a
TBP phosphoranyl radical. All the EPR characteristics of TBP
phosphoranyl radicals suggest that these species might be
particularly efficient for DNP. However, as reported in the
literature, kinetics of decay of these radicals are very fast and
most of them are very short lived. We have recently shown13

that phosphoranyl radicals bearing four (trialkylsilyl)oxy ligands,
[(R3SiO)3POSiR′3]•, can be very persistent in solution, and we
investigated their EPR features in order to estimate their
potential in DNP applications. We report hereafter the EPR
parameters of radicals1 and2 (Scheme 1), and we will discuss
the different factors contributing to their EPR line width.
Moreover, for ann-hexane solution of radical2, we will report
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the measure of the efficiency factorf and the calculation of the
DNP enhancement factorF for very low magnetic fields.

Theory

The coupling between the electronic spin systemSB and the
proton solvent nuclear spin systemIBmay be expressed as3

〈Iz〉 and 〈Sz〉 are the nuclear and electronic polarizations,
respectively, andI0 andS0 their values at thermal equilibrium.
The factorF depends on the nature of the coupling between the
two systems, either scalar (F ) -1) and (or) dipolar (F ) 1/2).5

In the case of phosphoranyl radicals, we will assume that this
coupling is purely dipolar, and we will useF ) 1/2. The
efficiency factor or leakage factorf depends both on the strength
of the dipolar coupling and on the absence of other paramagnetic
species in the solution; its value ranges between 0 and 1 and is
given by

whereT1 andT1,0 are the NMR longitudinal relaxation times of
the solvent protons in the presence of the polarizing radical and
for the pure solvent, respectively. The liquid phase EPR spectra

of 1 and2 are composed of a large doublet, resulting from the
hyperfine scalar couplingAP of the unpaired spinSB with the
spin KB of the phosphorus nucleus. Neglecting the nuclear
Zeeman interaction, the spin Hamiltonian can be written

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 as a small perturbation. The
eigenfunctions ofH and the corresponding energy levels were
obtained using stationary perturbation theory and are shown in
Figure 1.
It is interesting to point out that the energy level diagram for

radicals1 or 2 is the same as that of15N nitroxides commonly
used for low-field DNP experiments.
For solutions of1 or 2, dynamic nuclear polarization could

be induced by saturating either of the allowed transitions (|0,0〉
T |1,1〉(4 T 1) or |0,0〉 T |1,-1〉(4 3). The expected DNP
enhancement factorF is then given by

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

whereωS andωI are the electronic and nuclear angular Larmor
frequencies respectively. The DNP enhancement factor has a
lower value when the electron spin relaxation is considered.
For this purpose, Ayant et al.14,15developed a model allowing
calculation of the low-field DNP factor for solutions of15N

Figure 1. Energy levels and associated eigenstates corresponding to the spin hamiltonian for radicals1 and2 in a low magnetic field (the notations
R, â stand formS ) +1/2 and-1/2, respectively).
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nitroxides. This model was recently improved by Belorizky et
al.16 and can be easily adapted to solutions of1 or 2. According
to this model the DNP factorF can be expressed in a simplified
form as

∆HRPE is the EPR line width at low field, andΦ is a complex
function involving the complete electron spin relaxation matrix16

that describes the time evolution of the populations of the levels
due to the relaxation processes,ωS ) |γS|H0, ω1 ) |γS|H1, H0

andH1 being the Earth’s magnetic field and the radio-frequency
field rotating at angular frequencyω.
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
areAN ) 60 MHz, f ) 0.7, and∆HEPR ) 1.4× 10-5 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 width∆HEPR cannot
be directly measured; however, it can be deduced from the line
width ∆Hx measured at high fields.14,15 For radicals1 and2,
we assumed that the high-field EPR line width arises mainly
from two mechanisms: the modulation of the anisotropic part
of the hyperfine coupling∆HHF

x and the exchange coupling
between two radicals∆HEXC

x . ∆Hx may be written as

For a paramagnetic molecule exhibiting an axial symmetry
and a hyperfine coupling with a spinK nucleus, it was shown17

that∆HHF
x can be written

with

τr ) 4(πηre3)/(3kT) is the rotational correlation time,re is the
effective radius of the paramagnetic molecule,η is the solvent
viscosity,∆A ) A| - A⊥, and∆g ) g| - g⊥.
The exchange coupling can be modeled by the exchange

integal J18 between two radical molecules with differentmK

values. Only two values are considered forJ expressed in
frequency units: zero forr > r0 and a constant value forb <
r < r0, wherer is the interspin distance,r0 is the radius of an
effective collision sphere, andb is the minimal distance of
approach of the two diffusing radicals. Thus, for radicals1 or
2 with K ) 1/2, ∆HEXC

x may be written as

whereb* is an effective distance that can significantly differ
from b and is defined from the relative diffusion constant of
two radicals byD ) (kT)/(6πb*η), u ) (1/r0)(D/2J)1/2, andNS

is the density number of paramagnetic molecules.φ(u) is
defined by

with

Finally, settingx ) T/104η and introducingCS, the radical
concentration in mol‚L-1, we obtained

with, in SI units,RHF ) 2 × 108 re3 (R + âmK + γmK
2); Rexc

) 36.35× 10-5 r0/b*; P ) 1.2× 10-9 (r02b*J)-1/2.

Experimental Section

EPR Spectra. The radicals1 and2 were generated by UV
photolysis ofn-hexane solutions containing Et3SiOOSiEt3 and
P(OSiEt3)3 or P(OSiiPr3)3 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 freeze-pump-thaw cycles under high
vacuum (10-5 Torr). To record the anisotropic spectra, the
radicals1 and2 were generated inn-hexane solutions at room
temperature, and then these solutions were shock-cooled in
liquid nitrogen to form glasses.
Measure of the Efficiency Factor f. A flask containing

P(OSiiPr3)3 (0.3 M, 16.5 g) and Et3SiOOSiEt3 (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 of2 was estimated (by EPR) to be 5× 10-4

mol L-1, and the flask was kept at 277 K. At this temperature
the half-life of2 is 165 min.
Nuclear relaxation time measurements were performed in the

ambient Earth’s magnetic field, on a home-made relaxometer20-21

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 slope 1/T2′,
whereT2′ 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 magnetizationVs the polarization time
provided theT1 values with a 10% accuracy.

Results and Discussion

EPR Spectra. The isotropic EPR parameters of1 and2were
characteristic of phosphoranyl radicals with a TBP structure.
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It is important to mention that the EPR spectra of2 clearly
showed (Figure 2) the existence of an equilibrium between two
pseudorotamers noted2a (minor component) and2b (Scheme
2).
A detailed description of the isotropic EPR spectra, as well

as the EPR study of the kinetics of decay of1 and2, will be
published in a forthcoming paper.
The frozen solution spectra of1 and 2 were studied to

determine the diagonal components of theÃ andg̃ tensors. Due
to the very large phosphorus coupling, the spin Hamiltonian
parameters cannot be deduced from a simple analysis based on
perturbation theory.19 A numerical simulation based on the full
diagonalization of the Hamiltonian is needed. In these simula-

tions22 the axes of theÃ and g̃ tensors were assumed to be
parallel. The resonance field values, the eigenfunctions, and
the transition probabilities corresponding to the spin Hamiltonian
H ) âBBg̃SB + SBÃKB 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
Gaussian distibution of the energy transitions characterized by
a second moment23σ2. The experimental and calculated spectra
are shown in Figure 3a,b, and the values of the spin Hamiltonian
parameters are listed in Table 1.
High-Field EPR Line Width. As already mentioned, the

relaxation matrix of the electron spin is needed to calculate the
DNP factor of a radical solution. To build up that matrix for
radicals1 and2, we modeled their high-field EPR line width
∆Hx, using eqs 6-11. The values of the parameters used in
the calculations are listed in Table 2. The EPR parameter values
were obtained from the isotropic or anisotropic EPR spectra of
n-hexane solutions. The effective radiusre, the distancer0, b*,
and the value ofJ were adjusted to give the best fit with the
experimental values of∆H x.
For all the studied radicals1, 2a, and2b, the calculations

gave close values for the low-field line (mK ) 1/2) and for the
high-field line (mK ) - 1/2). The results for radical2a, in the
temperature range 230-330 K, are shown in Figure 4.
The agreement between the experimental and calculated∆Hx

values is satisfactory over the whole temperature range. The
plot Vs temperature of the weight of the two line width
contributions included in our model (eq 7) is shown on Figure
5 for the low-field line of radical2a.
Over the whole temperature range investigated, the main

contribution arises from the modulation of the anisotropic part
of the phosphorus hyperfine coupling,∆HHF

x . The contribu-

Figure 2. High-field isotropic EPR spectrum of2a (minor signal) and
2b (major signal) inn-hexane at 253 K.

Figure 3. Experimental and calculated (dashed line) anisotropic spectra
in frozenn-hexane (150 K): (a) radical1; (b) radical2.

SCHEME 2

TABLE 1: EPR Characteristics of Radicals 1 and 2
Deduced from Their Anisotropic Spectra

1 2radical

A| (T) 0.1091 T 3055 MHz 0.1127 T 3156 MHz
A⊥ (T) 0.0932 T 2610 MHz 0.0978 T 2738 MHz
AP
calc (T) ) (A| + 2A⊥)/3a 0.0985 T 2758 MHz 0.1027 T 2876 MHz

g| 2.001 2.0002
g⊥ 1.9995 2.0003
gcalc) (g| + 2g⊥)/3 2.0010 2.0016
B0 (T) ) (A| + A⊥)/3a 0.0053 0.0050
F3sb 0.20 0.22
F3pb 0.407 0.38
F3p/F3s 1.97 1.75

aCalculated from anisotropic parameters obtained at 150 K. b F3s
and F3p are the spin densities in 3s and 3p orbitals, respectively,
calculated usingA0 ) 0.4752 T,B0 ) 0.013 T.24

TABLE 2: Physical Constants ofn-Hexanea Solutions of 1
and 2 in SI Units

solution 1 2b

AP (T) at 273 K 0.0997 0.1050 [0.1037]c

∆A (T) 0.0159 0.0149d

∆g 0.0015 - 0.0001d

rradical (m)e 7× 10-10 7× 10-10

re (m) 4.75× 10-10 5.8× 10-10

b (m) 11× 10-10 11× 10-10

r0/b 1.2g 1.2
b*/b 1.2 1.2
J (s-1) 2× 1010 2× 1010

CS (mol‚L-1)f 5× 10-4 5× 10-4

a The radius of hexane is 3.8× 10-10 m. b The EPR parameters for
2a are in square brackets.cObtained by simulation with the program
of Pr Rockenbauer.25 d Average values.eObtained by Molecular
Mechanic calculations on hydridophosphoranes corresponding to1, 2a,
and2b. f Estimated by EPR.g re, r0, andb are fitted values.

Persistent Silylated Phosphoranyl Radicals J. Phys. Chem. A, Vol. 101, No. 31, 19975643



tion of the exchange coupling,∆HEXC
x , is very small at low

temperature, but it represents about 25% of the line width at
temperatures higher than 330 K.
It should be noticed that we also modeled∆Hx, including in

eq 7 the spin-rotation coupling∆HSR and the dipolar coupling
∆HDIP. The calculated curve was almost the same, the
contributions of these two relaxation processes being lower than
1%. Note that from the value of the equilibrium constant of
the2aa 2b reaction,K ) 2.24 atT) 293 K, we have for this
temperature 70% of2a and 30% of2b species. We have
checked that the presence of both pseudorotamers modifies the
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 equations:15

A plot of ∆HEPR ) ∆HEXC + ∆HHF Vs temperature for
n-hexane solutions of radicals1 and2a (mK ) 1/2 line) is shown
in Figure 6.
The values of∆HEPR for radicals1 and2a are larger than

the values found with solutions of15ND TANO 23 (∆HEPR )
0.12× 10-4 T at 293 K, for a radical concentration 5× 10-4

mol‚L-1). For a 10-3 molar n-hexane solution of2a, we
calculated∆HEPR) 0.3× 10-4 T atT ) 293 K, while a lower
value of 0.17× 10-4 T was calculated in the same conditions
for a solution of15ND TANO.23 As shown below, the expected

decrease of the DNP factor for solutions of radicals1 or 2,
resulting from their larger EPR line width, is largely compen-
sated by the huge difference in between the isotropic hyperfine
couplings,AP ≈ 0.1 T for 1 or 2 andAN ≈ 2 × 10-3 T for
15N-labeled nitroxides.
Efficiency Factor. The efficiency factor f is the last

parameter needed to calculate the DNP factorF. The measured
low-field longitudinal relaxation timesT1,0 andT1 of the protons
of puren-hexane and ofn-hexane solutions of2, respectively,
are listed in Table 3. The efficiency factorf is given by eq 2,
and its value is compararable with that of paramagnetic solutions
previously used in DNP experiments.16DNP FactorF. Finally,
using eq 6, which is completely derived in ref 16, we calculated
the DNP enhancement factor for an-hexane solution of2a,
considering a radio-frequency excitation field, rotating at the
angular frequencyAP - ωS < ω < AP + ωS. As the two EPR
transitions are very close, they are simultaneously excitated and
the excitation field is taken to give the best DNP enhancement
factor for the|0,0〉 T |1,1〉(4 T 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 105 for 2a and
2.7 × 103 for 15ND TANO. The higher value for2a is
accounted for by the magnitude of the isotropic hyperfine
constantAp, which is nearly 47 times higher thanA15N.
However, when the electron spin relaxation was considered, the
calculatedF values were 23× 103 and 2× 103 for 2a and
15ND 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 Si-O bond dissociation energy that prevents

TABLE 3: Low-Field Efficiency Factor f of an n-Hexane Solution of 2 at 273 K and Comparison with Other Paramagnetic
Solutions21

radicals TANO D15N TANO D15N TANO D15N Tober Mes3P•+ a 2

solvents THF MeCN n-hexane THF MeCN n-hexane
T1,0 (s) 13 19 9,8 13 14,5 8.05
T1 (s) 4 5.5 5 5.7 7.5 ≈4
f 0.7 0.71 0.49 0.56 0.5 ≈0.55
C (mol‚L-1) 10-3 10-3 10-3 10-3 2× 10-3 ≈ 5× 10-4

aMes) 2,4,6-trimethylphenyl.

Figure 4. Temperature dependence of high-field EPR line width∆Hx

for radical2a (mk ) 1/2): experimental (points), calculated (line).

Figure 5. Temperature dependence of the different contributions
∆HHF

x (i) and∆Hexc
x (j) to the high-field EPR line width∆Hx for 2a

(mk ) 1/2).

∆HEXC
x ) 3

4
∆HHF

x ∆HHF ) 2

γSx3
1
18
(∆A)2τr (12)

Figure 6. Calculated temperature dependence of the low-field EPR
line widths for radical1 (filled line) and2a (dashed line).

SCHEME 3
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their fragmentation via aâ-scission, the new phosphoranyl
radicals1 and2 were shown to be very persistent inn-hexane
solution. The large phosphorus couplings exhibited by1 and
2 indicate an important contribution of the P3s valence orbital
to their singly occupied molecular orbital (SOMO), in agreement
with the small anisotropy (∆A) 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.
Radicals1 and2 strongly influenced theT1 of then-hexane

protons, and at 293 K the efficiency factor of2was 0.55. Using
this value and a model previously described for stable nitroxides,
the maximum value of the low-field dynamic nuclear polariza-
tion factor of ann-hexane solution of2awas found to be close
to 23× 103. 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-tetramethymisoindol-N-oxyl (TMIO).
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Figure 7. Calculated absolute values of the DNP factorF Vs the
frequency of the saturating radio-frequency field for radical2.
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