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The low-field nuclear magnetic resonance signals of solvent protons, enhanced by dynamic polarization,
have been measured using a new paramagnetic solution of 1,1,3,3-tetramethylisbindol(TMIO) free

radical in triethylene glycol dimethyl ether (triglyme). The signal characteristics are compared with those of
our previous standard solution for Earth field magnetometers. Enhancement factors varying between 1000
and 2000 are obtained between 25 and 1@5these results, which are the best ever obtained for stable
radicals over such a large temperature range, are interpreted in the framework of relaxation matrix formalism
with the help of extensive EPR line width measurements. In addition, this system is very efficient in high
magnetic field gradients, owing to the relatively short NMR relaxation tifes

I. Introduction Several scalar earth field DNP-NMR magnetometers have

Dynamic nuclear polarization (DNP) by paramagnetic im- Peen built in our Igborator%zo They are based on 2,2,5,5-
purities (Abragam Overhauser eff8ds a very efficient method tetramethylpyrr9I|d|n-1-oxyI, Tanane, free .radl.cals Wlth various
for amplifying a NMR signal in low fields. In a solution this solvents according to the needs of the application: antisubmarine
amplification is obtained through the magnetic coupling between warfare, geological surveys, or bore hole logging. The DNP-
the solvent protons and the free electrons of the paramagneticNMR magnetometer is an excellent probe for oil prospecting
molecules after saturation of the electronic transitions. This as it provides very detailed information on rock magnetism. But
effect is the basic principle underlying high sensitivity magne- in the deepest bore holes, ambient temperature is very high and
tometers. The DNP enhancement factor is strongly dependentmay exceed 150C. The presence of magnetic muds also
on the nature of the paramagnetic solution. A review of the generates large magnetic field gradients. These two factors
various investigated systems was given byllgtuVarmuth and prevent the magnetometer from working properly. In this paper,
Meise-Greschi. It is known that the enhancement factor is a new paramagnetic solution that is efficient in rather high
considerably increased when the paramagnetic impurities havemagnetic field gradients in a wide range of temperatures and
a strong hyperfine structure. For this reason it is convenient to which remains stable at high temperature is presented. This
use free radicals with a hyperfine coupling between the free solution is a distilled triglyme, (triethylene glycol dimethyl ether)
electron and a nucleus of the same radical. The first systemcontaining paramagnetic free radicals called TMIO (1,1,3,3-
used for this purpose was the Fremy salt NO{BO in tetramethylisoindoN-oxyl).2 This solution, further denoted
water3=6 This radical, which becomes unstable after few days, |a and Ib for radical concentrations 2 0mol L-1 and 2x 103
was followed by a second generation of much more stable mol L~ respectively, can expand significantly the range of use
radicals based on cyclic carbon chains such as Tefpol, of the magnetometer. Its characteristics are compared to those
Temponé€® Tanane with a six or five carbon cyclic ch@f.  of water mixed with a 5% diglyme (diethylene glycol dimethy!
These different radicals were studied in various solvents suchether) solution with 16® mol L~ of Tanane free radic&I?2
as methanol, benzene, and acetone or mixed hydrogenated angthe |atter was our previous best reference solution and is
fluorinated solvent&2™2 For magnetometry purposes Tempone gengted as solution I1. In section 2, we sketch the theoretical
free radicals in methanol are the most extensively used system.gypression for the DNP enhancement factor and for the EPR
Hydrogenated and deuterated radicals were used with'®¥th |ine \yidth. The experimental procedure is given in section 3.
and “N isotopes leading to two and three EPR transitions, the measured temperature variation of the DNP factor for our
respectively:>'# This system is stable at room temperature but three solutions is given in section 4 and compared with the

has a lifetime of only about 150 h at 15@. The DNP : - . .
s . theoretical predictions. In section 5, the behavior of the
enhancement factdris about 1200 at 26C. Besides the above enhanced resonance signals, in presence of external magnetic

mtromdg raglcl:gls, phosphoniumyl frge radicals were also field gradients, is investigated. The respective performances
synthesized! The advantage of using phosphorus instead of our solutions are then related to the transverse nuclear

of nitrogen results from hyperfine coupling with the free electron relaxation times in low fields

radical that is 1 order of magnitude highek & 700 MHz) '

than for nitroxide radicals (60 MHz). So one could expect much

higher DNP enhancement factors. Unfortunately these radicals!!- NMR Signal Enhancement Factor with DNP

are very unstable and the EPR lines are very broad, Theory. In weak magnetic fields, nuclear magnetism is

:Author to whom all correspondence should be addressed. hardly detectable. At thermodynamic equilibrium, the Boltz-
Socigé ARPE. istributi i i —
_ mann distribution leads to the nuclear spin polariz&fidty =
* LETI/DMEL Technologies Avanges. _ . gy pin p ~
$ Universite Joseph Fourier. @I = 1o/I, which for spinl = %/ is given byPo = hw/2KT,
€ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. where w, is the nuclear resonance angular frequency. The
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macroscopic nuclear magnetization is thielg = Ny hlPo, + wg/2 andwszs = A — wg/2 close tAA. In a first step neglecting
whereN, is the number density of nuclei with gyromagnetic any relaxation phenomenon, the theoretical DNP factors after
factory,. saturation of the 3> 4 or 3« 4 transition, for a purely dipolar

To amplify the detected signal, a significant enhancement of coupling with the solvent protons, afe
the polarization is required. This is achieved by coupling the
nuclear spin system to an electronic spin system of free radicals, Eo—_ lé(l 4 §w_s)f and F. —— lﬁ(l _ §w_s)f
which are added to the solvent. The coupling between both 14 8w, 2 A 34 8w, 2 A
systems arises from magnetic dipolar interaction or (and)
hyperfine scalar interactiodg* The relative magnitude of these (4)
interactions depends on the nature of the resonant nuclei and
of the solvent and radical molecules. Owing to cross-relaxation
transitions, the polarization becomnes:

The above factors are lowered by the electronic relaxation
through four main mechanisms: o _

(i) the spin rotational interactioRsg(t) = A SC-J whereC

P=P,— of (5 S)/I (1) is the spin rotational tensor and the rotational angular
momentum of the molecufé,

where [50and & are the electronic polarization and its (i) the anisotropic part of the hyperfine couplfigpr(t) =
corresponding value at thermal equilibrium respectively. In the i SA-K with the nuclear spikK of the radical, wherd\ is the
above equatiory is characteristic of the coupling mechanism hyperfine tensor,

between the electronic sp®and the nuclear spih (o = 0.5 (iii) the magnetic dipolar couplingipie(t) between two free

for pure dipolar interaction and= —1 for pure scalar hyperfine ~ radicals with spinsS; and S, and ~ _

coupling) andf is the coupling efficiency factor with= 1 in (iv) the exchange interactiéhbetweenS; and$,, Hex(t) =

the ideal case where the nuclear spins would only relax throughhJ S-S

their coupling with the spin§. In general we have & f < 1. Mechanisms i and ii are intramolecular (within the radical),
If the electronic transition is saturateds, 0= 0, and the while iii and iv are intermolecular (between different radicals).
enhancement factd¥ is The relative importance of these effects can be estimated only

through line width studies in high magnetic fields. Finally,

P _ SbN S according to eq 1, for a pure dipolar coupling of the protons
F= EO =1+ PfE ~ PfE ) with the free radicals the dynamic polarization factor is
For electronic spin$§ = Y, § = hwd2KT, wherews is the F= P__ i([@g_ ) (5)
electronic angular frequency and in the case of a pure dipolar Po 2,

coupling with the protons of the solution
ping P which can be rewritte¥f27 as

1.9 1.7
F=3 lo 2! 7 330 3) F=- ;—gfb(ws,wl,w,A,AH) (6)
A much larger dynamic polarization factBrmay be obtained
when the electronic spiBof the free radical is coupled through
an hyperfine scalar interactidth = AASK with a nuclear spin
K belonging to the radic&!! Then, after saturation of a
selected electronic transition, the presence of a local hyperfine
magnetic field, much larger than the Earth’s magnetic field, leads
to a value ofts0much larger thark, and according to eqgs 1
and 2,F is of the order of—pf [llo. More precisely ifK =
1/, like for >N nucleus in our free radicals, the level scheme of
the radical under an external magnetic fiédd is shown in
Figure 1.

@ is a complicated function involving the isotropic hyperfine
constantA, ws = |ys|Ho, w1 = |ys|H1, Ho and H; being the
Earth’s magnetic field and the radiofrequency field rotating at
angular frequencw; AH is the EPR line width of the ¥ 4
transition. The derivation of the functiof® is given in the
Appendix. Here we outline the fact thaH is an essential
ingredient of the problem. Quite generalfyis a decreasing
function of AH which means that narrow lines are required for
high signal enhancements. Unfortunatelyy can be measured
only in high magnetic fields through EPR measurement, but it
is easy to derive the values AH in low fields involved in eq
o Energylevels  Eigenstates in the basis Img,ms) 6 from the experimental high-field values. These determinations
4 result from general relaxation theory; the approximations that

oy T 1 Asrad ';"*) are made concern the independence of the various relaxation
~— —T % M Hl-g e+ (148) 1m)] processes and the assumption that all the correlation times are
3 Ad-os?2 I-~) short enough to replace the various spectral densliie¥ by

their extreme narrowing limif(0), a condition which is easily
satisfied at low fields for these rather low-viscosity solutions.
Consequently no appreciable error is expected for this extrapo-
[ 3 A/ Li+8) eor-(1-5) =) lation. The influence of the EPR line width is discussed in the
Jr=o 4 V22 2 following subsection.
Zerofield  Earth magnetic field EPR Line Widths. The EPR experiments were performed
e=0dh) in the X band (9 GHz). The broadening of the lines arises from
Figure 1. Energy levels and associated eigenstates of our free radicalsine four relaxation mechanisms previously quoted. Assuming
e % 1o oo, Lorentzian e shapes, the EPR line widh” defned as he
field. The arrows indicate the relevant allowed electronic transitions P€2aK to peak distance of the derivative of the absorption curve
1< 4 and 3< 4. In zero field ifF = K + S, F is a good quantum is related to the transverse relaxation tifeby

number. \/_
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There are four levels denoted—4 and two electronic (i) =

transitions 1= 4 and 3< 4 with angular frequencies;s = A T,
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whereys is the electronic spin gyromagnetic factor akel* is Assuming thatD = (4kT)/(6zb*#), whereb* is an effective
given by distance which can significantly differ frotn, we get
4 1.2
H = AHgz + AHle + AHGp + AHE + C, (8) 1y _ [ 7 7s h b_*,? N (12)
To)op gt/ 90 kT b

In the above expression, SR, HF correspond to the spin rotational
and hyperfine couplings, respectively, while DIP and EX refer
to dipolar and exchange interactions between different radicals.
C, is a constant contribution to the EPR line broadening due to
the unresolved hyperfine structure with the protons of the radical
molecule!” We now determine the theoretical expressions for
the various contributions to (T)*..

(i) Spin Rotational effectFor a paramagnetic molecule with

(iv) Exchange Coupling EffectThis effect has been the
subject of extensive studies. Aydhdeveloped a simple model
in which the exchange integrdlexpressed in frequency units)
between two diffusing radicals with a different nuclear spin state
mk is zero forr > rg and has a constant value for< r < r,
wherer is the interspin distance amglthe radius of an effective
“collision” sphere. It was shown that for K= 1/,

axial symmetry, it was shovifthat 1\x _ 2TokT
T —®(UNg (13a)
1\x ) 2 kT Tolex 3071
(), =g+ 2205 T, ©) | ) .
2/sR 12nr where b* has been defined above, = (1/rp)(D/(2J))Y? and
@(u) is defined by
whereAg; = gi — 2.0023 expresses the departure ofghensor u ¢
components from the free spin valugis the solvent viscosity, A+ Etanl‘{(l A) ]
andr. is the effective radius of the paramagnetic moledégle. pu)=1- Rc /1@ (13b)
(i) Anisotropic Hyperfine Coupling EffectSimilarly it was tanf{(l i)é]
showr? that for a paramagnetic molecule with axial symmetry
and a nuclear spiK with ¢ = (i/2)Y2 and A = blro. The functiong(u) has been
tabulated® for several values of ranging between 0.2 and 0.8.
AV _ [l aa2 . 1 2 Finally, setting
(TZ)HF T, 40(AA) + 45(Agw5) + .
4 1 X=— 14
AN Aoy + H(ANE] (10) 10 -

we have according to eqs-14
wherer; = (4myr§)/(3k'l‘) is the rotational correlation timé\A : d

= Ay — A, Ag = g, — gg, andmg = £/, for a >N nucleus.
(iif) Magnetic Dipolar Coupling Effect.(lfl’z)élp is propor-

tional to Ng/Db, whereNs is the number of free radicals per Opp

unit volume, b is the minimum distance of approach of the T+ aEXXQJ(Px/)_() cs+ C, (15)

centres of two diffusing radicals, amis their relative diffusion

constant; this contribution will be important at low temperatures wherecs is the free radical concentration in maotd, and in Sl

when we have a viscous solution. Thegr > 1, 7 being the units

translational correlation time = b%/D. Consequently in the

well-knowr?329expression for I, we have only a contribution 2.4 x 10 32

from the spectral density of3Y,,o(0,¢), wherer, 6, ¢ refer to Osp=

the relative position of the two interacting spins, i.e.J@).

Furthermore when both radicals have the same valuexof

they can be considered as identical electronic spins, but when®ue = 2 x 10°r3 (AA) T8 Agws) R (AA)

the respective values afk are different, we have a dipolar

interaction between unlike electronic spins having slightly (Ag)a)s me + E(AA)Zmi] (16b)

different gyromagnetic factors. F#r= %/, we have the same

proportion of like and unlike couples of spins. Then

(08
AH* (T) = agge+ =+ +

(Agu + ZAQD) (16a)

e

b*

App = 9.4 x 10‘3F (16c)
X
(Tl) ( ’ ) [3 eSS+ 1)J(0)+ VPSS + 1)J(0) ‘o
2Jor \*T, =36.35x 10 °— (16d)
b*
where both contributions are separated. Neglecting pair cor- 9, o, 12
relation and eccentricity effects it was shdithat P=1.2x10 " (rgh*J) (16e)
N lll. Experimental Section
10) = (11) . -
277Db Sample Preparation. Tanane (2,2,5,5-tetramethylpyrrolidin-

1-oxyl-'5N,d;6) was purchased from Eurisotope (Orsay, France).
TMIO (1,1,3,3-tetramethylisoindd¥-oxyl-15N,d;2) was synthe-
sized by Dr. Xiao Ping Wu at the Department of Chemistry,
1\ y University of Surrey (Guildford, U.K.§1 Diethylene glycol
(_) ( 0) gq dimethyl ether (diglyme) was purchased from Aldrich and used
To/owr 13 ”Db without any further purification. Triethylene glycol dimethyl

Then, withS = 1/,, we obtain
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ether also provided by Aldrich was distilled twice at low 10%AHX (T)

pressure (120C, 50 Torr) over NaH. All solutions (Tanane 1,0 -

1073 mol Lt in water mixed with 5% diglyme and TMIO 18 1 @ s

and 2x 1073 mol L™1in triglyme) were degassed in appropriate 081 I

flasks and then vacuum sealed. Ia
NMR and EPR Experiments. DNP-NMR measurements 0’6__

were performed on a homemade double-resonance spectro- 041

meteP! working between 1950 and 2000 Hz for the nuclear

frequency and between 40 and 300 MHz for the electronic 0,2

frequency. All measurements were performed in the ambient

Earth’s magnetic field in the mountains near Grenoble, where 0,0 T T T T

270 300 330 360 390 420 450

human magnetic disturbances are weak. The sensor is located

in a special amagnetic heat-regulated room (where the applied TE
temperature may be varied frorb0 up to 180°C). The probe 104AHX (T)
is made of a cell containing the paramagnetic solution. This
cell is also a HF resonator in order to induce the electronic Lo ®) s
resonance. The low-frequency circuit consists of two orthogonal 08 1
coils in order to induce and detect the nuclear resonance. ]
For nuclear relaxation time measurements, we used a 0,6
homemade relaxometer consisting of two symmetrical coils 1
perpendicular to the Earth’s magnetic fieldh. One coil 0.4 1
contains the flask with the diamagnetic or paramagnetic solution; ]
the other is empty. First a rather strong magnetic fiéjdH, 0.2
~ 1072 T) is created by the coils, whose effect is to polarize 00 . — : :
the solution and to create a transverse magnetizdipnThen "270 300 330 360 390 420 450
this polarization field is removed, and one measures the temporal TK)
attenuation of the free precession magnetic sidviain the Figure 2. Temperature dependence of the EPR line widths in high

Earth’s magnetic field. In fact the signal is recorded through a fields of solutions la, Ib, and II: (a) transition< 4, (b) 3« 4. For

differential amplifier connected to the two coils in order to solutions la and Il the continuous curves are the results of a least-

eliminate the external perturbations of the local Earth’s magnetic Sauares fit of the unknown parameters (see text and Table 1). For

field variations and the eddy currents which are present iust solution Ib the dashed curve is calculated using the parameters obtained
. . y p JUSt £6r solution a.

after the polarization field cutoff. We have

the 15N isotopeA = 3.54 x 1B rd s1(2.01x 103 T). This
value is in agreement with our measured value of the splitting
between the two EPR lines at 280 MHz in our liquid solution.
These lines correspond to the transitidhs mg < —,, mg
with mg = +%, and energiess - A/2. Note that the same
value of A is obtained from the low-field spectrum by taking
the average energy between the transitions # and 3< 4

M, = M, exp (~t/T}) (17)

whereTs includes contributions from field inhomogeneities.

Several experiments with different values of the polarization
timest, of the solution provide the longitudinal relaxation time
T, through the relation

M, =My [1 — exp(=t/T))] (18) (Figure 1). Then from eq 16b, takifgA = 7.17 x 107 rd s7%,
opE = 2.5 x 10243 or 6.3 x 10743 for me = 45, respec-
with an appropriate fitting procedure. tively.
With this simple techniqud; is given with a good accuracy The above values are inserted into eq 15. The minimum

(less than 10%), but we are not able to extract a valug;of  distance of approach between the centers of the TMIO and
from the measured value @%* as the spir-echo technique is  triglyme molecules, considered as hard spheres, was determined,

not available in this frequency range. first using the CPK compact model and second using the
High-field EPR experiments were performed on a Bruker 9 theoretical Connoly methof. Both methods gave = 7.3 x
GHz spectrometer. 1072 m. Then, according to egqs 15 and 16, the unknown

o ) parameters are., J, C;, and the ratio®*/b andrq/b*.
IV. Applications to our Solutions In Figure 2 we display the measured temperature dependence
EPR in High Fields. The various parameters involved for of the EPR line width of the transitions<t 4 and 3< 4 for

the reference solution Il were given previou&l§? and will be two concentrations of our solutioos = 10-2 mol L~ (solution
simply recalled for comparison with our new solutions la and la) andcs = 2 x 1072 mol L™ (solution Ib) and for the

Ib whose properties are detailed below. EPR measurefients reference solution Il. In this figure we also show the calculated
in solid solutions of TMIO in toluene gavg = 2.0015,g, = values of AHX obtained by a least-squares fit of the unknown
2.0052, andy, = 2.0082. We takey = g« and ¢s = (gy + parameters listed in Table 1. Good agreement is obtained
g)/2 = 2.0067. Then from eq 16asg = 10—36/(;‘, The between the measured and calculated valuég3f. The most
hyperfine structure with théN isotope was also obsenéd  striking feature displayed by Figure 2 is that the EPR line width
and led toAw = 5.95x 108 rd s71(3.38x 1073 T), Ay =7.73 of solution la is about half that of reference solution Il, varying
x 107 rd s (439 x 104 T), A,=88x 10 rd s (5 x between 0.2% 10~ and 0.55x 1074 T betweenT = 293 and

104 T). Then the isotropic hyperfine constantAs= (A« + 423 K. These are remarkably low values. Itis seen that solution
Ay + A)I3=253x 108 rd st (1.44 x 103 7). Ib provides EPR linewidths comparable to those of the reference.
The anisotropy of the hyperfine coupling is taken/es = It is interesting to separate the contributions of the various

Ax— (Ay+ A)2=512x 10°rd s1(2.91x 103 T). The mechanisms to the total EPR line width. With the parameters
hyperfine coupling is proportional to the nuclear gyromagnetic given in Table 1, we determine the varioasdefined by eqs
facto”* and sincey®™N/y1“N = 1.4, we take for TMIO with 16 for solutions la and Il (see Table 2). Using the experimental
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Figure 3. Relative contribution of the various broadening mechanisms
of the high-field line width versus temperature for solutions la, Ib, and
Il. Contributions of AH)» and AH are negligible for solution II.
TABLE 1: Physical Constants of the Model

TMIO + triglyme

Tananet+ water+ 5% diglyme

solution (solutions la and Ib) (solution 1)
o 2.0015 2.0022
0o 2.0067 2.0077
AA (1074T7) 40.7 36.4
b (m) 7.2x 10710 4.8x 10710
re (M) 3x 10710 2.5x 10710
b*/b 1.3 1.5
ro/b* 1.3 15
J(sY 2 x 101 1.5x 100
C (104T) 0.17 0.1

TABLE 2: a and  Parameters in our Solutions (Sl Units)

TMIO + triglyme Tananet+ water+ 5%
(solutions la and Ib) diglyme (solution I1)

solution

10" x osr 3.52x 1073 8.9x 1078
1072 x ape 0.17 i = —Y) 0.085 frx = —/»)
0.067 fry = /) 0.028 fry = /)
:I.O’5 X Op|p 12.17 14
10° x aex 47.25 54.5
P 2.34x 104 3.06x 104
7 (SN 1.165x 10-5exp(1517.7T) 3.862x 1076 exp(1635.7T)

T (K)

Figure 4. Experimental variation of the efficiency factor versus
temperature for solutions la, Ib, and .

3 in the temperature range 293KT < 423 K. It can be seen
that in all solutions the exchange and spin rotational mechanisms
are dominant and that the unresolved hyperfine structure with
the protons of the radical molecule is always strong. But
througout the investigated temperature range the dipolar and
hyperfine relaxation mechanisms contribute negligibly in those
low-concentration free radical solutions.

Relaxation Matrix Elements and DNP Enhancement
Factor. We introduce a relaxation matrR that describes the
time evolution of the populations of levdlslue to the relaxation
processes. More precisely, defining= (Ni — Nig)/N as the
difference of the relative populations of leviefrom its value
at thermal equilibrium, we have

dx;
—=-Rix+ YR (19)
dt i ]ZI i

It is shown in the Appendix that these relaxation matrix
elements can be expressed in terms of four constgrsc,
andd characteristic of each relaxation process and defined by
eq A27. From eqgs 7, 15, and A27 we obtain for various
temperatures the valuasc, andd of the relaxation matrix given
in Table 3. For the value df, it was shown that in low field4

1) 10
(TZ)HF 18(AA) o

whereAA is given in Table 1 and; is easily calculated.

The corresponding values ofTk/in low fields given by eq
A30 are also listed in Table 3 together with the calculated low-
field EPR line widthAH. Note thatAH for solution la remains
much lower than that of solutions Ib and II.

To calculate the DNP enhancement factor from eq A20 we
have all the ingredients except the coupling efficiency fattor
which is given by

(20)

(21)

whereT;o andT; are the longitudinal NMR relaxation times of
the solvent protons in the diamagnetic and paramagnetic
solutions respectively. The temperature behavior of this factor
was determined experimentally in the Earth’s magnetic field
for all our solutions, and the results are displayed in Figure 4.
It can be seen that remains approximately constant with
temperature and ranges between 0.5 and 0.7 for solutions la
and Ib and is about 0.6 for solution 1l. As will be seen below
the loss in the DNP factor of solution la due to the slightly

variation of the viscosity versus temperature, which can be easily lower value off with respect to both other solutions is largely

described by the empirical laws given in Table 2, from eq 15
we calculate AH/AH* and C//AHX wherei denotes each of

compensated by its much narrower EPR line width. The
experimental NMR signals, enhanced by the effect of dynamic

the four relaxation processes. The results are displayed in Figurepolarization, are displayed in Figure 5 for the three solutions at
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TABLE 3: Relaxation Matrix Elements and EPR Line Widths of our Solutions in the Earth’s Magnetic Field

T=293K T=345K T=398 K
solution la b 1 la b 1] la b 1]
a(s? 18988 18988 97313 48820 48820 265862 101190 101190 576761
b(s™? 991584 991584 227528 385675 385675 83281 186070 186070 38389
c(s? 51811 103622 29635 20152 40304 10847 9722 19444 5000
d(s? 347947 695894 747377 857358 K710P 1.76x 10° 1.66x 10° 3.3x 10° 2.53x 10°
UT, (s7Y 27x10F  37x10F 23x10f 26x10F 44x10F 45x10° 4.0x 108 74x10°F  6.88x 10°
AH (104T) 0.17 0.24 0.15 0.17 0.29 0.29 0.26 0.48 0.45
modulus of the enhancement factor F
1000 1000 1000
] (a) T=293 K
800 800 800
1 11 1 Ia 1 (ID)
600 600 - 600 Hq =2.8x10-5T
1 n ] J
400 7 } 400 “ 400 (Ia)
) ?°' | i ] Hy = 3.4x105T
74 w0 2001 (Ib)
H; = 3.6x105T
0 FrrrrrrrrTTT S— 0 P
electronic frequency (MHz)
modulus of the enhancement factor F
2000 2000 2000
) 1 ] Ib () T=343 K
I Ia
1600 - 1600 1600 &
] A m
1200 1 1200 :1' A 1200 7 ' ' Hi=2.8x105T
4 - 1 b N 1
i | 4@ (1)
i J 800 :
800 800 /o | F Hy = 3.4x105T
| A I ;o
400 8 4007 4 : 4001 & (b)
l i / 1 H| =3.6x105T
0 T T 0t 0 T
60 62 64 66 68 52 54 56 58 60 52 54 56 58 60
electronic frequency (MHz)
modulus of the enhancement factor F
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) i ] o (¢) T=398 K
I a f
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t
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. 9 1 7 1 H; =3.6x105T
0 Tt 0 WA RS & T 0 T
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are given beside each figure.
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Figure 5. Frequency dependence of the DNP enhancement fedtmrour solutions (al = 293 K, (b) T = 343 K, and (c)T = 398 K. Continuous
and dotted curves indicate the theoretical values for thedland 3<> 4 transitions respectively. The valuestbf giving the maximum DNP factor

different temperatures. The DNP facterwas calculated for
various electronic frequencies in the rangeA — ws < w <

A + ws. In each experiment the rotating fieldh was chosen
in such a way as to provide the high&sfactor for the 1 4
transition. In the calculation df we took into account the fact
that in our cylindrical cavityH, is strongly inhomogeneous, both

obtain remarkable agreement with the observed signals. It is
clear that solution Ib provides the bdsffactor at all temper-
atures. The maximal value &fvaries from 936 to 2056 from

T = 293-398 K and reaches a maximum of 2086 Tor= 373

K. No other stable solution provides comparable factors on
such a wide temperature range.

in magnitude and direction, and an average value was deter-

mined. The theoretical curvédyw) were compared with the

experimental spectra by attributing to the maximum amplitude

of the 1< 4 transition the calculated value B{A+ws/2). The
resulting calculated curvels(w) are shown in Figure 5. We

V. NMR Signals in the Presence of Magnetic Field
Gradients

NMR Signals. We have studied the effect of external
magnetic gradients on the NMR signal of our solution. The
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Figure 6. Schematic experimental disposal for inducing external
magnetic field gradients.

magnetometer must keep its efficiency in the presence of

magnetic muds. These generate strong field gradients that can

reach values up to 16 T m=1,

The samples containing 160 mL of solutions Ib and Il were
submitted to a constant gradient value of up to®0 m%
This gradient field was created on the symmetry axis of a
cylindrical magnetic coil at a large distance (about 1 m) from
it. The amplitude of the DNP enhanced signal was measured
for an EPR rf fieldH; rotating at a frequency, 4 corresponding
to the maximum value of the DNP factér for the 1 4
transition and for a nuclear excitation fieldh, rotating at an
angular resonance frequenoy = y,(Ho + H), whereHy is the
Earth’s magnetic field andf is the variable field created by
the coil at the distancd. We denote by the solvent proton
position varying betweet, and—'/5, | being the tube length in
axial position around the mean distantgsee Figure 6). Under
our experimental conditions we haix) = H + gxwith g =
—(3H)/d, whereg is the gradient field. In Figure 7 we display
the variation of this amplitude for various gradient fields
obtained by increasing the current in the coil at different

Lang et al.

NMR signal (Volts)

4,0
35
3,0
2,5

0,0 T T T T T T 1
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Applied magnetic field gradient 106xg (T/m)
Figure 7. Effect of an external field gradient on the NMR signal of

solutions Ib and Il for various temperatures. For solution 1b and.},
= 57.2 and 64.9 MHz respectively.
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Figure 8. Attenuation of the amplitude of the enhanced NMR signals
of solutions Ib and Il of external magnetic field gradients. Continuous

temperatures. It is seen that in presence of external gradientyyes resuilt from the theoretical expression 26 at 298 K anti$or

fields, the attenuation of the signal amplitude of solution Ib is
lower than that of solution Il. Qualitatively this is explained
by a shorter transverse relaxation tiffieof solution 1b. More
precisely, assuming a normalized Lorentzian line stapeof

the NMR signal, we have

1

flw)=2 22

@) T (0 — wy)? + 0 (@2)

with 0=i*=l+_|_—1, 23)
2 2 2

where T, is the true transverse relaxation time and F
(yAHo)™%, AHg being the field inhomogeneity in the recording
coil, which is always present even in the absence of a
superimposed external gradient field. The amplitude of the
signal at the resonance frequengy = v|Hg is f(wo) = llom.

In presence of the external gradient figldhe Larmor resonance
frequencies become(x) = wo + ' with »' = y|gx. o' varies
linearly betweemAw and —Aw where Aw = ygl/2, and the
normalized distribution of’ in this range ih(w) = 1/(2Aw).

The observed normalized resonance signal is then

f ()= o Aw do' __1 o
g ZJIA(U —Aw (w — 6()0_ a)r)2+0_2 27[Aw

wy— o+ Aw wy— 0 — Aw
arcta — 5 ) arcta — (24)

The signal amplitude at the central resonance frequency
= wo becomes

arctanAw/o)

A (25)

1
fg(w O) = ‘7_.[

3.5 cm with the measured valugg(lb) = 0.55 s, T(ll) = 1.4 s.

Then the ratio of the maximal amplitude signal in presence of
external gradient with that without gradient is

_ fywo) _ arctanpw/o)
Y= %y Awlo

(26)

It is clear that for a solution with a shorter transverse relaxation
time T,, o will be larger andy will increase. Using the ratios

of the measured values @b for both solutions Ib and Il at
various temperatures, we have plotted in Figure 8 the theoretical
variation ofy which is compared with the experimental results.
According to the experimental uncertainty on ffievalues and

of the rather crude theoretical model, the agreement is quite
satisfactory. In conclusion solution Ib which exhibited the best
dynamic polarization factdF is also much more efficient than
solution Il in the presence of magnetic field gradients.

Transverse Nuclear Relaxation Times in Low Fields.Now
we explain why solution Ib has shorter transverse relaxation
times than solution Il. Neglecting any gradient field inhomo-
geneity, the transverse relaxation rate introduced in eq 23 is
given by

1
=+
T20

1
T2inter

(27)

whereT, refers to the diamagnetic solution afmger results
from the dipolar interaction between the solvent molecule and
the free radical. Thineris proportional to the radical concentra-
tion. For the longitudinal relaxation timE we have a relation
similar to eq 27. At very low fields, we are in the extreme
narrowing casedr < 1 andwst < 1), and it is well known
that T1inter = T2interand that the hyperfine splittingy of the radical
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TABLE 4: Comparison between the Theoretical and Experimental Values of for Various Temperatures

T=298K T=345K T=398K

solution Ib Il Ib Il Ib I
7 (SI) 1.9x 103 9.4x 104 9.5x 10 4.4x 104 5.3x 104 23x 10
10'° x D; (m?2s7) 5.8 30.35 12 66.6 25.4 147
10 x Ds(m?s™?) 5.7 12.4 11.8 27 25 60
10'° x D (m?s74)P 115 43 24 94 50 207
10%° x Db (m3s™) 84 202 174 453 273 1001
r (theoretical) 0.21 0.19 0.18
T. (Sf 0.6 1.48 0.92 3.8 2.11 7.9
Tio (SP 1.8 2.8 5.8 8.75 7.68 18
L Mainter 1.26 0.32 0.86 0.15 0.34 0.07
r (experimental) 0.25 0.17 0.20

aMeasured value$.D = D, + Ds.
molecule has no effe@d. For S= 1/, we have

1 1

Tlinter T2inter

2

~ [ mrae e
whereJ(0) is giveri® by eq 11.

Note that for higher fields such that®ws < A with a value
of J(wst) which cannot be replaced by0), a significant
departure from eq 28 is expected. This case will be the object
of a separate study. Comparing both solutions Ib and II, we
have from egs 11 and 27

_ Tlinter(lb) _ 1. Db(lb)
" Tynedll) 2 Db(1l)

(29)

In eq 29 the factor 2 arises from the different concentrations of
both solutions: 2< 10~ mol L~ for solution Ib and 10% mol

L1 for solution Il. The corresponding value for this ratio using
estimated values of the relative diffusion constarand of the
minimum distances of approathare provided in Table 4 and

is compared with the ratio of the measured values ofid4 =

1/T; — 1/T10. Good agreement is obtained over the whole

investigated temperature range. Consequently the lower value

of T, for solution Ib compared to solution Il arises from three
effects: a higher concentration and a much lower relative
diffusion constantD, essentially due to higher viscosity of
triglyme giving shorter values ofne, and slightly shorter
measured values @k (2.0 and 2.8 s af = 298 K respectively).

On the other hand, the larger size of solvent molecules of
solution Ib is a relatively weak unfavorable effect.

Conclusion

We have shown that solution Ib 2 103 mol L1 of TMIO
in triglyme) which is chemically stable in a broad temperature

range displays a DNP enhancement factor varying between 1000

and 2000 between 25 and 126. This remarkable result was
interpreted with accuracy using the high-field EPR line widths
measurements with the help of the relaxation matrix formalism.
It was shown that the main contributions to the electronic
relaxation arises from the exchange interaction between free
radicals, from the spin rotational effect, and from the unresolved
hyperfine structure with the protons of the radical molecule.
The enhanced NMR signal was shown to have better efficiency
in the presence of external magnetic field gradients than the
other solutions. This was explained by a shorter nuclear
transverse relaxation times of the solvent protons. The solution
Ib will be used in the next generation of DNP-NMR magne-
tometers for oil-prospecting purposes.

Appendix. Calculation of the Dynamic Polarization
Factor F

(A) Analytical expression for F. We summarize and adapt
to our solutions a model that allows us to calcul&efor

solutions containing nitroxide free radicals in low magnetic
fields27-36 We start from the level scheme of Figure 1 for the
free radical, denoting b¥; and |iCithe four energy levels and
the corresponding eigenstates of the spin Hamiltomén =
ASK + wsS. LetN be the number of free radicals in the sample
and p; = N;/N the relative populations of these levels. In
dynamic equilibrium we have

1
P~ (L BE+X) (B=1KT) (A1)
wherefE; < 1 andx, < 1. Choosing the origin of the energies
such thaty E; = 0, we have

2570

with x; = 0 at thermal equilibrium. The; are considered as
the component8)|x[of a vector|x(in the four-dimensional space
spanned by the statéi§] According to eqs 5 and A1, for purely
dipolar coupling between the solvent nuclei and the free radical

(A2)

F=- Silz S i% (A3)

01l

Introducing a vectottvin the same space, such thgv(=
0)1S)ifl we have

2m|sz|i5g = ZDwimme: @|xO (A4)
I |
andF can be rewritten as
F=— o (A5)
8l,

From Figure 1 it is seen that the four component$vbiare
(M, €2, =, —€l2) We write the time evolution of the four
level populations due to the radiofrequency field and represented
by transition probabilities of the various relaxation processes.
For intramolecular and intermolecular relaxation mechanisms

we introduce transition probabilities defined by

1
W, = §(Wiﬂ' + W)

Wi = S(Wiy + Wi (A6)
with
Wi =W_ eXp[B(Ej - B)]
Wiy = Wi exp[B(E, + E — E — E)] (A7)
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After linearization of eq A7 and using eqs ARG, the Finally we have
population rate equation is .
@R “o,O0
dN B fho, W oo — (A15)
T I WIS T+ W - L WR e
t ]

Depending on the presence of two electronic transitiofs
andwss, separated by onlAw = ws, it is impossible to select
one of these transitions with an rf field. \®x°is the transition
probability for the 1< 4 transition, we denote blgWex® the
corresponding value for the<4 4 transition. Introducing the
vector |o0= |30— |40) eq A13 becomes

;Vvik—»leiNk + ;\leﬁikNle (A8)
JK] K

where WX is the transition rate induced by the external
radiofrequency fieldH;. Equation A8 can be rewritten as

d i XC XCy
dt 4 BWP R (w4 0y TH kwggloul) (A16)

N
Z;(Wik,jl + Wi — Wii,kl)(xj — %) (A9) In order to solve this system where, as above, we have replaced
b the singular matrixR by R' defined by eq Al4, we seek a

In the absence of the external radiofrequency figid eq A9 solution of the form

can be written _
IXO= BAR' Y (y,0014/0,H Yoo 5,00 =

O”d—)t(D: —R|x0 (A10) ﬁAﬁR'fl’(l + %)yl o[} (1 - %)Y2

az[ﬂ (A17)

with € = wdA
As |a;and|azCare independent vectors, using eq A17, we
obtain the following system equivalent to eq A16

where we have defined a relaxation matixn which all the
relaxation mechanisms are involved. The matrix elements of

R are
—_w _N (Wyo + W — W) (2)) ( + Rn)Yl w34 Ry, =
Rij - ij 4Z ik, j1 ik,Jj ij Kl J Wk W14
_ Wiy
;Fﬁ; (AL1) oo Ra + ( et Rzz)yz (A18)

In a state of dynamic equilibrium, we have from eqs A9 and with wsdwia ~ 1 + ¢, andR; = [0i|R' "Y1 The solutions
All of eq Al18 are

> R+ vaﬁ“og X) = ﬁZ(E EWEC  (AL2) yi=wee 1T KWHR,, — (1 - )Ry

] 1

1+ WPIR,, + R, + k(WP)?Aa

If the rf field only involves the 1= 4 transition, we define a “
vector |a10= |10— |40and eq A12 becomes KW 1+W CTRn —(1+ Ry

Y W R, 1 KR, + KWP9Aa

(A19)
(R + W0, Mo, DIX= B(E, — E)W Yo, (=

A XC 0(A13 with Aa = R11R22 — R12R21.

P W a0 (AL3) Finally, from eq A17, the dynamic polarization factor given
The linear system A13 is singular because the veckhiwith by €q A5, wherdo = Sfia/4, becomes
all componentsiju;[7= 1 is an eigenstate of the left-hand side A 1 € €
of eq A13 for the zero eigenvalue. It is easy to remove this F = — —fEHR [(1 + )y1 alD+ (1 - 5))’2 OLzq] =
singularity by adding to the matriR the matrixA|u, | (4 = A
0) which does not affect the system A10 because according to — —fd (A20)
eq A2n|x0= 3, x; = 0. Then defining 2w,

R' = R + Kju, | (A14) which defines the fun(_:tioﬂ) introduced in eq 6. _ _
In order to determing~, we need the relaxation matrix
elements and the expressions W andk.
Assuming independent Lorentzian line shapes, with a radio
frequency excitation fieldH; coswt along thex direction, we

whereR' is a symmetrical regular matrix, the linear fofaxC]
defined by eq A4, becomes

_ h
BIXC= Bho WPBIR' + Woa, Moy ] Yoy, 0= ave
- - - (rsHY? (T)
/J’th XC (_Vvexc)nDI}KR, l|(11[|]ﬁll|)nR’ llalDz Vvaxcz ysz 1 D.|S(|4ﬁ 2/14 (A21)
= 1 +(T2)14 - w14)
Bhw WS (—WPY"BIR' o, Moy R o, ] where {T2)14is the transverse weak field relaxation time for the

= transition|10 |40and[1|S]4@ = Y5 (1 + €). Consequently,
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with obvious notations, we have

Wy, |BISIAT (Ty)as L+ (T)7, (0 — @1))°

Wiy 1S40 (T 1+ (T (0 — wg))?

(A22)

(B) Elements of the Relaxation Matrix R. The detailed
theory giving the relaxation matriR has been given else-
where!4 Each of the four relaxation processes given in section
Il taken separately leads to a relaxation matrix. It is assumed
thatR is obtained by addition of the various contributions. We
use the extreme narrowing approximation, which is justified
by the fact that in the investigated temperature range the
solutions have a rather low viscosity, leading to the condition
wijT < 1, wherer are the various correlation times. It is then

possible to relate the contribution of each relaxation process to

its contribution to the transverse relaxation ratelgff in the
X band (9 GHz) which is itself related through eq 7 to the line
width contributionAHX. One has

for the spin rotational interaction

= (F) o - [psif] s

for the magnetic dipolar coupling between free radicals

0" = ST g + TSI [mSif] (a2
for the exchange coupling between free radicals

= a ) [~ |sif - msimsi]  2s)

Concerning the modulation of the hyperfine field, it is not useful

to relateR" to (1/T,);;, as this contribution to the EPR line

width in the X band cannot be separated from the modulation

of the Lande Factor. The latter effect becomes negligible in

Earth’s magnetic field, and, for that reason, we directly express,
A7 with (1/T2)ue in low fields. We have

-

51T,

u=2

> 1T, li0?

HF u==2

(A26)

where theT, are the usual second-order spherical tensor
components for dipolar coupling betwe&wand K vectors?®

Defining
A L o)
ATy/sr S\To/ue 38\ To/oip 8\ To/ex
(A27)

and using eqs A23A26 it is easy to obtain the matrix elements

Rj. As explained above the resulting relaxation matrix is
singular and is replaced By’ = R + A|ui[xu|. Choosingl

= a+ 2c + d, which is equivalent to adding the same constant
A to all the elements oR, the following symmetridR’ matrix

is derived

R =

3a+3b+7c+2d —b+(at3c)e a—2b+ct2d —(at3c)e

—b+(at+3c)e 4a+2b+8c+4d —b—(at+3c)e O
a—2b+ct2d —b—(at3c)e 3at+3b+7ct+2d (at3c)e
—(at+3c)e 0 (at+3c)e 4a+8c+4d

(A28)
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Finally in eq A21, the transverse relaxation tinig){4 in low
fields (Earth’s magnetic field) is involved. It has been
establishet-1527.28that the various contributions of the relax-
ation processes to T are related to those of (IH)X by

I A B R
T2 SR 4 T2 SR, T2 DIP 19 T2 DIP, TZ EX 4 T2 EX
(A29)
Then according to egs A27 and A29
L —za++ect2d (A30)
(T2)14 3

Consequently the functiod® appearing in the expression 6 or
A20 of F can be expressed in terms of the four constants defined
by eq A27.
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