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We investigate the NMR relaxation of solvent nuclei in non viscous paramagnetic solutions, in the case
where the electronic spin of the paramagnetic species is submitted to an internal hyperfine fieldHhyp. General
expressions of the intermolecular longitudinal relaxation rates 1/T1 are provided, and three distinct regimes
corresponding to an applied external field lower, larger and much larger thanHhyp appear, with three distinct
linear laws for the relaxation rate 1/T1 vs νI

1/2, whereνI is the nuclear resonance frequency. From each of
these laws and mainly the third one, it is possible to derive the relative diffusion constant of the paramagnetic
and solvent molecules without any model assumption for solutions with a rather high radical concentration
of 10-1 mol L-1. This is illustrated for a triglyme solution with new stable15NTMIOD free radicals at various
concentrations. For this solution,T1 measurements were performed atνI ) 244 MHz, then at low and
intermediate frequencies by the field cycling technique and finally in the Earth’s magnetic field. From these
results and from measurements of the solvent molecule diffusion constant by the pulsed magnetic field gradient
technique, a determination of the diffusion constant of the free radicals is obtained which is compared with
that obtained from a direct ESR measurement at low concentration. These data are used for the interpretation
of the frequency and temperature dependence of the relaxation rates in this solution.

1. Introduction

The NMR relaxation of liquid solutions has been the object
of extensive work over the past decades. In particular the study
of paramagnetic solutions, for which the magnetic coupling
between the solvent molecules nuclei and the electronic spins
of the paramagnetic molecules is the dominant relaxation
process, is a powerful way for understanding the dynamical
properties of these solutions.1 Among the various applications,
the dynamic nuclear polarization (DNP) by paramagnetic
impurities (or Abragam-Overhauser effect2,3) is a very efficient
method for the amplification of a NMR signal in low fields. In
a solution, this amplification is obtained through the magnetic
coupling between the solvent protons and the free electrons of
the paramagnetic molecule after saturation of the electronic
transition.4 This effect is the basic principle for building NMR
magnetometers of high sensitivity.5 The DNP enhancement
factor is strongly dependent on the nature of the paramagnetic
solution, and it is known that it is considerably increased when
the paramagnetic impurities have a strong hyperfine structure.6,7

For that reason it is convenient to use free radicals with a
hyperfine coupling between the free electron and a nucleus
(usually14N,15N, or 31P) of the radical molecule.

For magnetometry purposes a new paramagnetic solution with
2× 10-3 mol L-1 of 1,1,3,3-tetrakis(trideuteriomethyl)isoindolin-
2-yloxyl (15NTMIOD 8-10) free radicals in triethylene glycol
dimethyl ether (triglyme) was recently synthesized. This
solution which is stable until 150°C and remains efficient in
rather high magnetic gradients provides enhancement factors
varying between 1000 and 2000 in the 25-125°C temperature
range. No other stable solution provides comparable factors
over such a wide temperature range. The experimental study
and the theoretical interpretation of the DNP enhancement factor
of this system was recently performed.11 However, a crucial
parameter in the theory remained unknown: the absolute
diffusion constantDS of the 15NTMIOD radical, which plays
an important role both in the ESR line width and in the
relaxation times of the solvent protons.
It was shown that in a nonviscous liquid solution containing

free radicals at room temperature the spectral densities of the
magnetic dipolar coupling between the solvent nucleus and the
free electron spin behave as12-14

in the low frequency limit (ωτ , 1) whereτ is the translational
correlation time. The important point is thatR is an invariant
which is independent of the local order in the liquid, of the
eccentricity of the spins, and of the rotational speed of the
molecules. It must be emphasized that the same value ofR is
obtained whichever translational diffusion model is used:
diffusion equation or random finite jumps of the molecules. This
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constant is given by

where NS is the number density of the electronic spinsS
responsible for the relaxation of the solvent protons with spin
I and whereD is the relative translational diffusion constant of
the radical and solvent molecules

Thus the law expressed by eqs 1 and 2 forωτ , 1 appears to
be a characteristic property of the three-dimensional relative
translational motion of the spins whatever the details of their
dynamics.
This has been mathematically proved by P. H. Fries,15 but

the main reason for this feature is that, for long times, the
correlation function of the magnetic dipolar coupling between
I andSspins takes values arising almost completely from large
interspin distance contributions for which the details of the
molecular packing and the rotational motions of the molecules
become irrelevant. As the longitudinal relaxation rate 1/T1inter
of the solvent nuclei can be expressed as linear combinations
of the spectral densitiesJ(ωI), J(ωS( ωI), whereωI andωSare
the angular Larmor frequencies of the nuclearI spin and of the
electronicSspin, respectively, we generally obtain in low fields
a linear law

From the values ofB, it is easy to deduce that ofD. As in eq
3, the absolute diffusion constantDI of the solvent molecule
having the nuclear spin I can be measured through the usual
pulse magnetic field gradient (PMFG) technique,16 the unknown
diffusion constantDS of the free radical can be deduced by
difference. This method has been successfully used for
determiningDS of DTBN free radicals in neopentane solution
at various temperatures.17,18 Notice that, in eq 1,J(0) is strongly
model dependent12 and that it is rather difficult to obtain reliable
information from the value ofC in eq 4.
In this paper we extend the above ideas to the case of interest

for us, i.e., the situation in which the electronic spin of the
radical is not free, but is submitted to a hyperfine fieldHhyp

due to a nuclear spinK of the radical molecule.
In section 2 we develop the theoretical model providing the

intermolecular longitudinal relaxation rate due to a dipolar
magnetic coupling in this case and the ranges of validity of eq
4 is discussed. The experimental details are provided in section
3 and the method is illustrated for our solutions of triglyme
with 15NTMIOD free radicals in section 4.

2. Theory

Let I, S, andK be the solvent nuclear spin (protonI ) 1/2),
the electronic radical spin (S) 1/2), and the nuclear spin of the
radical giving rise to an hyperfine couplingA SB.KB. For our
systemK is the15N nucleus withK ) 1/2. The static electronic
Hamiltonian of the problem in presence of an applied magnetic
field B0 is

whereωS ) |γS|B0 is the Larmor angular frequency of spinS.
In eq 5 we neglected the nuclear Zeeman effect on the nuclear
spinK.
The diagonalization ofH gives four levelsEi ) pωi(i ) 1 ...

4) with associated eigenstates|i〉 in the basis|MS, MK〉 given
by

In eq 6, |(〉 are abbreviations for|MS ) (1/2〉, |MK )
(1/2〉. The coefficientsc1 andc2 are defined by

The magnetic dipolar coupling between the spin I and the
electronic spin S is

where

and r, θ, æ define the relative position vector rb between the
interacting spins.
We define the spectral densitiesJ(ω) of the random functions

r-3 Yq
2(θ,æ) as

with the correlation functionsg2(t) defined by

NS being the free radical number density.
In these systems the electronic spins have their own relaxation

processes which are much stronger than that due to the dipolar
coupling with the solvent nuclei. The relevant mechanism is
essentially due to the exchange coupling between free radicals.
The corresponding electronic relaxation times range between
10-6 and 10-8 s according to the free radical concentration.
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These times being much shorter than the relaxation times of
the solvent nuclei (10-2-10 s), the electronic spins are always
in thermal equilibrium during a NMR experiment performed
on theI spin.
Denoting byωI ) γIB the resonance angular frequency of

solvent nucleiI ) 1/2, the intermolecular relaxation rate 1/T1inter
due to the electronic spins is19,20

where the quantum correlation functionk+-(t), in which( refer
to mI ) (1/2, is the ensemble average

with a similar definition fork-+. From eqs 8 and 10 we obtain

The evaluation of〈S((t)S-(0)〉 and 〈Sz(t)Sz(0)〉 is very easy in
the high-temperature limit. We have in the Heisenberg repre-
sentation

or with the energy levelsEi ) pωi and eigenstates|i〉 defined
by eq 6

We obtain, withωij ) ωi - ωj,

Finally from eqs 11, 13, and 16, the intermolecular relaxation
rate is

where, asωij . ωI , ωij ( ωI are replaced byωij in the various
spectral densities. A similar relation was derived by Barci,
Bertini, and Luchinat21,22 in the special case of Lorentzian

spectral densities. Our expression is more general in the sense
that no assumption is made about the analytical form ofJ(ω).
The calculation of the variousJ(ω) is a difficult task because

the molecules are not spherical, the spinsI andSare off center
in their molecules (eccentricity effects), and there is a nonuni-
form equilibrium distribution of the interacting molecules (pair
correlation effects).12,23

However, we will use the properties expressed by eqs 1 and
2, and for this purpose three frequency ranges are of interest.
(I) ωS . A. If ωS is much larger thanA, which can be

neglected, the longitudinal relaxation rate 1/T1inter of the solvent
nuclear spinI is given for S ) 1/2 by the well-known12

expression

where we have replacedJ(ωS( ωI) by J(ωS). This expression
is directly obtained from the general eqs 7 and 17 withc1 ) 1,
c2 ) 0, andω13 ) ω24 ) ωS.
For example, in a model where the spin eccentricity effects

and the nonuniform character of the pair correlation function
are neglected, by taking correctly into account the hard sphere
boundary conditions,J(ω) has an analytical expression given
by eq 20b. Introducing the translational correlation time

whereb is the minimal distance of approach between the centers
of the molecules bearing the spinsI andS, approximated as
hard spheres with the same volume, andD is given by eq 3,
setting

we have24

Note that whenωτ , 1,

which has the general form 1 and that even forωτ ) 0.5
expressions 20b and 20c differ only by 2.5%.
Whenωτ . 1, it is clear thatJ(ω) behaves like (ωτ)-2. So

if the conditionsωSτ . 1 andωIτ , 1 are satisfied, in eq 18
we can neglectJ(ωS) and replaceJ(ωI) by its expression 1. This
situation occurs for example forνI ) 100 MHz andτ ) 10-10

s, for whichωIτ ) 0.06 andωSτ ) 40. The measured relaxation
rate 1/T1 is

where 1/T10 is the relaxation rate of the solvent nuclei in the
diamagnetic solution. Then from equations 1, 2, 4, and 18 we
have
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with

and

Consequently, in this frequency range 1/T1 has the general
behavior given by eq 4 andD can be easily deduced from the
slopeB1 of the curve 1/T1 vsxνI through eq 22c.
(II) ωS > A. ωSτ < 1. Now we assume that the electronic

Zeeman effect is larger than the hyperfine coupling, in such a
way that the latter can be treated as a first-order perturbation
pASzKz. Neglecting terms of the order ofA2/ωS

2, we still have
c1 ) 1, c2 ) 0,ω13 ) ωS+ A/2,ω24 ) ωS- A/2, and from eq
17

It is seen that for the limiting case whereA ) 0, we have the
expected result given by eq 18. Moreover, according to the
fact that the spectral densitiesJ(ωS + A/2) andJ(ωS - A/2)
have the same weight in the above expression and that the
spectral densities have a rather smooth frequency dependence,
we see that the simplified expression 18 of 1/T1inter can be used
even for values ofA which are not much lower thanωS. In
addition if ωSτ < 1, using relations 1, 2, 18, and 21

with

and

In this frequency range 1/T1 has still the general behavior given
by eq 4 andD can be determined independently from the slope
B2 of the curve 1/T1 vsxνI through eq 24c.
(III) ωS < A. ωSτ < 1. Now we assume that the electronic

Zeeman term effect is lower than the hyperfine couplingωS <
A. This situation occurs in low fields and in particular in the
Earth’s magnetic field. The Zeeman term in the expression 5
of H is treated as a first-order perturbation. Neglecting terms
of the order ofωS

2/A2, we havec1 ) c2 ) 1/x2, ω23 ) A, ω13

) A + ωS/2, ω43 ) A - ωS/2, andω12 ) ω24 ) ωS/2. The
intermolecular relaxation rate 1/T1inter of the solvent nuclei is,
according to eq 17

It is seen that in the extreme narrowing case where all the
spectral densities can be approximated byJ(0), we have

We find the known result that the hyperfine coupling has no
effect onT1inter in the extreme narrowing case.25 Moreover as
J(A + ωS/2) andJ(A - ωS/2) have the same weight in eq 25,
which can be safely replaced by the simplified expression 27
which will be valid even ifωS is not much smaller thanA.

In addition ifωSτ < 1, a condition very easily satisfied in this
frequency range, using relations 1, 2, 21, and 27, we have

with

and

In this frequency range, 1/T1 has once more the general
behaviour given by eq 4 andD can be determined from the
slope B3 of the curve 1/T1 vs xνI through eq 28c. To
summarize, we have three frequency ranges for which 1/T1 )
Ci - BixνI where Bi is model independent and is given by
equations 22c, 24c, and 28c forωS. A, ωSτ . 1;ωS> A, ωSτ
< 1 andωS < A, ωSτ < 1, respectively. These three laws
provide independent experimental determinations of the relative
diffusion constantD between the radical and the solvent
molecules carrying the nuclear spinI. Note that in first
approximation, one hasB2/B1 ) 61 andB3/B2 ) 1/2x2.
3. Experimental Section

Sample Preparation. The synthesis of the nitroxide free
radical (1,1,3,3-tetrakis(trideuteriomethyl)isoindolin-2-yloxyl)15-
NTMIOD has been described.9 Triethylene glycol dimethyl
ether (triglyme) was provided by Aldrich and was distilled twice
at low pressure (120°C, 50 Torr) over NaH. Solutions of
15NTMIOD 10-3 mol L-1, 2× 10-3 mol L-1, 10-1 mol L-1 in
triglyme were degassed in appropriate flasks and then vacuum
sealed.
NMR Experiments. High-Frequency Experiment. The

longitudinal relaxation timeT1 of the protons of the diamagnetic
and paramagnetic solutions were measured with the usual
inversion recovery sequence (π - t - π/2). We used a
superconducting magnet (5.7 T) and a homemade spectrometer
working at 244 MHz. The temperature regulation was per-
formed with a BVT 1000 Bruker variable temperature unit
allowing a temperature accuracy better than 0.5°C. The
diffusion coefficientsDI of the protons of the solvent triglyme
molecule were measured at various temperatures through the
usual pulsed magnetic field gradient technique (PMFG) using
the sequence described by Stejskal and Tanner.16 In our
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experiment the magnitudeg of the two gradient pulses was
varied between 0 and 0.3 T m-1, the time interval∆ between
these pulses and their durationδ were fixed as 53× 10-3 and
3 × 10-3 s, respectively. This allowed us to observe the
attenuation of a spin echo amplitude providing good accuracy
(5%) of the values determined for the self-diffusion constants.
In fact the presence of a static gradientg0, due to the direct
field B0 inhomogeneities in the coil, leads with the above values
of δ to a nonnegligible interference term proportional tog0‚g.
We were able to get rid of this term by alternating an even
number of sequences withg parallel and antiparallel toB0. With
an accumulation procedure, the interference term cancels.
Intermediate Frequency Experiment. T1 measurements of

protons in the solution were performed with the usual technique
on a MSL Bruker spectrometer working at various frequencies
17 MHz < νI < 90 MHz in Grenoble.
Low Field Experiment. T1 measurements of protons in the

solution have been performed in Stuttgart using the field cycling
technique26,27 for 100 Hz< νI < 28 MHz. The nuclear spins
are polarized in a 3900 Gauss magnetic field, then the field is
decreased to a lower value in a time much shorter thanT1; after
a time t, the field is restored to its original value and the
amplitude of the free precession signal of protons is immediately
recorded. The value ofT1 in low field is deduced from the
variation of the amplitude of the signal as a function of timet,
spent in low field. This technique allows measurements ofT1
in magnetic field as low as 2× 10-6 T with good sensitivity.
ESR Experiments. The translational diffusion constant for

TMIO (it was not necessary to use the isotopically-labeled
version, NTMIOD, of the radical) in triglyme was measured
using the ESR capillary method.28,29 A 10 cm long thin-walled
capillary of internal diameter 1.3 mm was filled to a depth of
7 cm with air-saturated triglyme. To the top of the liquid
column was introduced 5µL of a millimolar solution of TMIO
in triglyme. The capillary was located centrally inside a
standard 5 mm o.d. NMR tube: ESR spectra were recorded at
known intervals along the capillary as the sample tube was
pushed with a calibrated screw into the spectrometer cavity. It
takes several days to obtain a complete set of data, but each set
only takes about 30 min. Spectra were recorded with a Varian
E4 spectrometer, which was interfaced to a personal computer
with the aid of a Real Time Devices analog/digital card, and
the spectra were written to disk using the EW program supplied
by Scientific Software Services. The EW program was also
used to obtain the heights (taken to be equivalent to concentra-
tions) of one of the three lines in the TMIO spectrum: because
of the presence of air, no hyperfine structure of the protons was
resolved. The sampling function of the cavity was determined
using an experiment similar to that used for the diffusion
experiments. This was done with the aid of a single crystal of
lithium phthalocyanine (which has a single sharp line) mounted
at the tip of a cocktail stick which was placed centrally inside
a 5 mm o.d. NMR tube that was pushed through the cavity with
the calibrated screw. The data were processed using the
corrected-zero method as described in ref 29 (note that in this
reference there are three errors (i) the slopes referred to after
eqs 8 and 15 should be (4Dt)-1, (ii) eq 16 should reada )
(4 ln 2)/Wa

2, (iii) Wb in Figure 2 should beWb/2).

4. Results and Discussion

Diffusion Constants of TMIO Molecules. Some of the data
obtained through ESR capillary experiments are plotted in Figure
1. The diffusion constants derived from them give for TMIO
with NS) 10-3 mol L-1 in triglyme at 298 K, a mean value of
DS of (5.5( 0.2)× 10-6 (cm2 s-1). This value was obtained

from measurements made at times varying between 8.77× 104

and 52.18× 104 s.
Diffusion Constants of Triglyme Molecules. These con-

stants were measured by the PMFG method described in section
3 for various free radical15NTMIOD concentrations and
different temperatures. The results are displayed in Table 1.
As expected there is a strong increase ofDI with temperature,
but between the diamagnetic and the paramagnetic solution with
NS ) 10-3 mol L-1 which is used for dynamic nuclear
polarization purpose,DI varies less than 7%, which means that
it remains approximately constant according to the experimental
uncertainty ((5%). Even for radical solution concentrations
reaching 10-1 mol L-1, DI decreases by less than 25% atT )
298 K and 10% atT ) 373 K. This means that the viscosity
of the solution slowly increases with the presence of15NTMIOD
molecules. Note that even forNS) 10-1 mol L-1 there are 55
triglyme molecules for one15NTMIOD radical.
High FrequencyT1 Relaxation Times. We have measured

the solvent proton longitudinal relaxation times at a frequency
νI ) 244 MHz both for the diamagnetic solution and the
paramagnetic solution withNS ) 10-1 mol L-1 at various
temperatures. These results are displayed in Table 2.
Low and Intermediate Frequency T1 Relaxation Times.

We display on Figure 2 the measured relaxation rates 1/T1
obtained by the field cycling method in the frequency range
100< νI < 30 MHz and by the usual method for 17< νI < 90
MHz for the paramagnetic solutions withNS ) 10-1 mol L-1

atT) 298 K. On this figure the values of 1/T1 obtained in the
Earth’s magnetic field and atνI ) 244 MHz at 298 K are also
reported.
Relative Diffusion Constants D. We consider the values

of 1/T1 measured by the usual method betweenνI ) 17 and 90
MHz for a solution withNS) 10-1 mol L-1 atT) 298 K. The

Figure 1. Some typical plots of the logarithm of the height of an ESR
line against the square of the corrected distance, for the diffusion of
TMIO in triglyme at 298 K withNS ) 10-3 mol L-1. Measurements
were made at the times:A ) 10.57× 104 s,B ) 19.39× 104 s,C )
28.03× 104 s,D ) 52.18× 104 s. Note that the intercepts have no
significance.

TABLE 1: Experimental Values of 106 × DI (cm2 s-1) for
the Triglyme Solution with 15NTMIOD Free Radicals at
Various Temperatures

T (K) pure solvent NS) 10-1 mol L-1 NS) 10-3 mol L-1

298 6.06 4.61 5.83
308 7.06 6.07 7.06
323 9.14 8.00 8.64
338 11.66 8.72 10.84
353 13.92 10.95 13.52
373 17.3 15.41 17.3
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corresponding points in a diagram 1/T1 vs νI
1/2 fit a linear law

with a slopeB1 ) (4.3( 0.15)× 10-4 s-1/2. From eq 22c we
deduce the relative diffusion constantD ) (8.8( 0.2)× 10-6

cm2 s-1. The minimal distance of approach of the15NTMIOD
and triglyme molecules has been estimated through CPK model
to be b ) 7.3 × 10-8 cm. From the above value ofD, the
translational correlation timeτ ) b2/D is τ ) 6× 10-10 s. It is

noted that, with this value ofτ, the corresponding value ofωSτ
for the investigated frequencies vary between 42 and 225.
Consequently the conditionωSτ . 1 allowing to use relation
22a is fully satisfied.
From ESR measurements in the liquid solution atT ) 298

K, the isotropic hyperfine constant between the electronic spin
and the15N nucleus of the15NTMIOD radical was determined:
A/2π ) 55 MHz. Then we haveAτ ) 0.2. The conditionωSτ
) 1 is obtained forνI ) 400 kHz. The results corresponding
to the section 2.II are reasonably satisfied for 0.4< ωSτ < 0.8,
i.e., for 160< νI < 320 kHz or for 400< νI

1/2 < 566 (s-1/2).
From Figure 2 it is seen that the measured values of 1/T1 vs
νI
1/2 fit a linear law with a slopeB2 ) (2.2( 0.2)× 10-2 s-1/2.
From eq 24c we deduceD ) (9.6 ( 0.7)× 10-6 cm2 s-1 in
excellent agreement with the high-frequency determination.
Finally, the results corresponding to the section 2.III are

reasonably satisfied forωS/A < 0.5, i.e., forνI < 40 kHz or
νI
1/2 < 200 (s-1/2). As expected in this frequency range, the
experimental results displayed in Figure 2 show a very small
frequency variation. The dispersion of the experimental points
due to the uncertainty in the measurements cannot provide a
reliable value of the slope of the linear law predicted by the
theory for the variation of 1/T1 vs νI

1/2. However our best
determination gave a slopeB3 ) 9.2 × 10-3 s-1/2. From eq
28c we deduceD ) 8.8 × 10-6 cm2 s-1 still in very good
agreement with both above determinations. At this temperature
for this solution, the diffusion constant of the triglyme molecule
given in Table 1 isDI ) (4.6( 0.2)× 10-6 cm2 s-1 and we
deduce the value of the absolute diffusion constant of the
15NTMIOD radicalDS ) (4.3( 0.3)× 10-6 cm2 s-1 . Note
that by using the Stokes formula with the effective radius of
15NTMIOD (aS ) 3.67× 10-8 cm) and triglyme (aI ) 3.61×
10-8 cm), we obtain, from the measured values ofDI, DS )
4.5× 10-6 cm2 s-1 andD ) 9.1× 10-6 cm2 s-1, a value very
close to that obtained through our method.
Direct measurement ofDS in the 10-3 mol L-1 solution atT

) 298 K by ESR spectroscopy using the capillary method gave
DS ) (5.5( 0.2)× 10-6 cm2 s-1.
If we refer to Table 1 for solutions withNS ) 10-1 mol L-1

and 10-3 mol L-1 of TMIO radicals, we measuredDI ) 4.61
× 10-6 cm2 s-1 andDI ) 5.83× 10-6 cm2 s-1, respectively.
Assuming that the ratioDS/DI remains constant, we obtain in
the 10-1 mol L-1 solutionDS ) (4.34( 0.2)× 10-6 cm2 s-1

in remarkable agreement with our determination through the
relaxation method (DS ) (4.3( 0.3)× 10-6 cm2 s-1).
Strictly speaking, the comparison of the self-diffusion coef-

ficientDSdetermined from the relaxation rates with the diffusion
coefficient from the ESR capillary method is subject to caution,
since in the capillary method diffusion occurs in a concentration
gradient and represents mutual diffusion. Only in the limit of
zero concentration one obtains the real tracer diffusion coef-
ficient, which is equal to the self-diffusion coefficient. The
correct way would be to measure at different low concentrations
and extrapolate to zero concentrations. But with the low TMIO
concentration (10-3 mol L-1) this error is expected to be small
and lower than the experimental uncertainty as shown by the
coherence between both determinations.
For our solutions, as we have measuredDI for various

temperatures; assuming that the ratios D/DI is constant, we
approximately know the temperature dependence ofD andDS.
Temperature Dependence of 1/T1inter at High and Low

Frequency. For the solution withNS ) 10-1 mol L-1, the
measured values of 1/T1inter of the solvent protons atνI ) 244
MHz are provided for various temperatures in Table 2. As we
know from the above discussion the corresponding values of
D, it is possible to calculate the theoretical dependence of 1/T1inter

TABLE 2: Measured Proton Longitudinal Relaxation Times
T10 of the Triglyme Diamagnetic Solution andT1 of the
15NTMIOD Paramagnetic Solution with NS ) 10-1 mol L-1

for Various Temperatures (Frequency ResonanceνI ) 244
MHz)a

T (K)
T10(s)

(pure solvent)
T1 (s)

(10-1 mol L-1)
1/T1inter(s-1)
experimental

1/T1inter(s-1)
theoretical

298 2.5 0.15 7.0 6.8
323 3.9 0.185 5.15 4.6
338 4.9 0.23 4.15 4.3
353 5.25 0.25 3.81 3.6
373 5.75 0.287 3.31 2.8

a T1inter is defined by eq 21. The theoretical values of 1/T1inter are
discussed in section 4.

Figure 2. Proton nuclear relaxation rates 1/T1 vs νI
1/2 for a paramag-

netic solution of15NTMIOD radicals in triglyme withNS ) 10-1 mol
L-1 atT) 298 K. (a) Low-frequency range 100< νI < 1 MHz obtained
by field cycling technique. The cross represents the measured value in
the Earth’s magnetic field (νI ) 2 kHz). (b) Intermediate frequency
range 17< νI < 90 MHz obtained by the usual inversion recovery
method. (c) Variation over the whole frequency range. The cross
corresponds to the high-frequency data (νI ) 244 MHz).
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through eqs 19, 20, and 21. We obtain the results given in the
last column of Table 2. The difference between the experi-
mental and theoretical values never exceeds 15%. According
to the experimental uncertainties (5% onDI, 5% onT1), despite
our assumption concerning the temperature variation ofDSand
the fact that we neglected any pair correlation effects inJ(ω),
the agreement is very satisfactory.
In a high-performance hydrogenated paramagnetic solution

for use in the Earth’s field NMR magnetometers based on
nuclear dynamic polarization effect, a solution withNS) 10-3

mol L-1 of 15NTMIOD free radicals was selected. For this
purpose we have measured theT1 relaxation time of the solution
in the Earth’s magnetic field at various temperatures. Indeed,
the T1 values of protons are essential for determining the
efficiency factor of the solution. The results concerning 1/T1inter
are displayed in Figure 3 and are compared to the theoretical
values obtained from eqs 28a and 28b withνI ) 0

whereJ(0) andJ(A) are given by eqs 20c with the values ofD
deduced from that ofDI given in Table 1. We obtain a good
agreement on the whole temperature range.

5. Conclusion

We have considered paramagnetic solutions in which the
electronic spins of the paramagnetic species is submitted to an
internal hyperfine couplingpASB.KB with a nucleusK belonging
to the paramagnetic molecule. But instead of studying the
relaxation properties of this molecule, we were interested in
the solvent nuclei relaxation process, which is dominated by
the intermolecular dipolar coupling between these nuclei and
the electronic spinS. Various expressions for the intermolecular
relaxation rates in terms of the spectral densitiesJ(ωI), J(ωS),
andJ(A) whereωI, ωS are the nuclear and electronic angular
Larmor frequencies have been derived according to the values
of the ratio ωS/A and of ωIτ, where τ is the translational
correlation time. We extensively used the general linear
dependence ofJ(ω) vsxω, which is valid forωτ < 1, with a
slope which is model independent, to derive the relative
translational diffusion constantD between the solvent molecule
carrying the nuclear spinI and the paramagnetic molecule.
Rather accurate values ofD are obtained in this way and can
be checked by several independent determinations at low-,
intermediate-, and high-resonance frequencies. In the particular

case of15NTMIOD free radicals in triglyme solutions, only two
independent reliable determinations ofD could be achieved
which were shown to be coherent. Moreover, the value ofDS,
the absolute diffusion constant of the radical, was shown to be
consistent with that obtained through ESR capillary method. It
should be pointed out that the ESR technique is limited to rather
dilute paramagnetic solutions (10-3 mol L-1) due to electronic
relaxation effects, while the method based on frequency
dependence of the solvent nuclei is appropriate to more
concentrated solutions (10-1 mol L-1) in order to have
significant slopes in the 1/T1 vsxνI curves. In systems where
the hyperfine constantA is much larger such as for phosphorus-
centered free radicals in solution,30 three independent determina-
tions ofD are expected to be possible. But practicallyD can
be determined from the highest frequency range which is by
far the easiest to be investigated and which provides the most
accurate results. Finally, at very low fields, we have been able
to interpret the temperature dependence of the proton relaxation
rate with good accuracy, a result which is very useful in the
application of this solution in a magnetometer utilizing the
dynamic polarization effect for amplifying the nuclear signal.11
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Figure 3. Experimental (points) and theoretical (continuous curve)
temperature dependences of the solvent protons intermolecular relax-
ation rate 1/T1inter in the Earth’s magnetic field of the radical solution
with NS ) 10-3 mol L-1.
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