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Recently a triarylmethyl-based (TAM) radical has been devel-
oped for research in biological and other aqueous systems, and in
low magnetic fields, 10 mT or less, large 'H dynamic nuclear
polarization (DNP) enhancements have been reported. In this
paper the DNP properties of this radical have been investigated in
a considerably larger field of 1.4 T, corresponding to proton and
electron Larmor frequencies of 60 MHz and 40 GHz, respectively.
To avoid excessive microwave heating of the sample, an existing
DNP NMR probe was modified with a screening coil, wound
around the sample capillary and with its axis perpendicular to the
electric component of the microwave field. It was found that with
this probe the temperature increase in the sample after 4 s of
microwave irradiation with an incident power of 10 W was only
16°C. For the investigations, 10 mM of the TAM radical was
dissolved in deionized, but not degassed, water and put into a
1-mm i.d. and 6-mm long capillary tube. At 26°C the following
results were obtained: (I) The relaxivity of the radical is 0.07
(mMs)~?, in accordance with the value extrapolated from low-field
results; (1) The leakage factor is 0.63, the saturation factor at
maximum power is 0.85, and the coupling factor is —0.0187. It is
shown that these results agree very well with an analysis where the
electron—dipolar interactions are the dominant DNP mechanism,
and where the relaxation transitions resulting from these interac-
tions are governed by translational diffusion of the water mole-
cules. Finally, the possibilities of combining DNP with magnetic
resonance microscopy (MRM) are discussed. It is shown that at
26°C the overall DNP-enhanced proton polarization should be-
come maximal in an external field of 0.3 T and become comparable
to the thermal equilibrium polarization in a field of 30 T, consid-
erably larger than the largest high-resolution magnet available to
date. It is concluded that DNP MRM in this field, which corre-
sponds to a standard microwave frequency of 9 GHz, has the
potential to significantly increase the sensitivity in NMR and MRI
experiments of small aqueous samples doped with the TAM
radical. © 1999 Academic Press

Key Words: DNP; Overhauser effect; TAM radical; microwave
heating; MR microscopy.

directly and indirectly the spatial distribution of the label anc
to measure the local concentration of dissolved molecul:
oxygen (-5. In OMRI, the NMR signal of the water protons
is enhanced by dynamic nuclear polarization (DNP) of th
Overhauser type6(=11). In principle this can result in a large
enhancement of the nuclear polarization, maximal on the ord
of the ratio of the electron and nuclear gyromagnetic ratio:
Especially promising for this type of applications is a radica
that has been developed recently, which is based on the t
arylmethyl (TAM) molecule 4, 5, 12. It has been found that
this radical is stable in biological object8)( has excellent
water solubility, and has a reasonably large relaxivitg)(
Also, the TAM radical has several advantages over the nitro:
ide radicals, traditionally used as biological paramagnetic
bels @3), such as a narrow single EPR line with minimal
hyperfine couplings, and a reduced concentration-depender
of the EPR linewidth 12). This makes it possible to dope
aqueous samples with relatively large radical concentratior
(several tens of mM) and to saturate the EPR spectrum wi
relatively little RF power. Indeed, in low fields large (negative)
Overhauser enhancements have been observed for this rad
(—280in afield of 9.5 mT)4, 12, considerably larger than the
enhancements obtained with nitroxide radic&s14).

The signal enhancement obtained in OMRI makes the tec
nigue potentially useful for increasing the spatial resolution i
the images as well, as the NMR sensitivity is one of the ke
parameters determining this resolution. However, a seriot
disadvantage of OMRI is that for larger biological objects the
experiments have to be performed in low external fields. Th
reasons for this field limitation are well known. The large
dielectric losses in biological samples limit the penetratiol
depth of the RF field and the RF field is partially converted tc
heat (L5). Moreover, the DNP enhancement factor decreas
with increasing field if the correlation time describing the
molecular motions of the water molecules become comparat

Inserting paramagnetic labels into biological systems can ieOr larger than the inverse electron Larmor frequgn@l,
used in electron paramagnetic resonance imaging (EPRI) dAd9. Therefore, in practice, where biological objects are
Overhauser magnetic resonance imaging (OMRI) to determig@nsidered with sizes of a few cm or more, the external field

are usually restricted to 10 mT or les),(which correspond to
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the overall DNP-enhanced nuclear polarization, which is prc
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portional to the product of both its thermal equilibrium valudeen published elsewher@l( 7-1), we shall confine our-

and the DNP enhancement factor, is not extremely large aselves to a brief summary of the main results. In DNP polal
can easily be achieved without DNP in a magnet of a moderazation transfer is obtained from the unpaired electron syste
field strength, well suited for standard NMR and MRI expetto the nuclear spin system by saturating the EPR line. Th
iments. Moreover, the NMR sensitivity increases with increaphenomenon is called the Overhauser efféxt The polariza-

ing fields as well, and although this issue can be solved bign transfer is governed by relaxation transitions, arising fror
using field-cycling or sample-shuttling techniques &, 1§, the electron—nuclear scalar and dipolar interactions, render
where low-field DNP is combined with high-field NMR, it istime dependent by the molecular motions in the liquids. Th
obvious that low-field DNP in larger samples is hardly usefuesulting Overhauser enhancement factor of the nuclear pol:

as a means to increase sensitivity. ization, Ey, is given by
The situation is different when DNP is combined with mag-
netic resonance microscopy (MRM). Here small samples, with Eov =1 — pfsAyd vy, [2]

sizes of 1 mm or less, need to be used in order to obtain

high-resolution images and localized NMR spectt@(This |n Eq. [2], p is the coupling factor, determined by the strength:
means that the RF frequencies can be made much larger, Wellhe electron—nuclear scalar and dipolar interactions and |
into the microwave region, and still have sufficient penetratiqpe spectral density functions characterizing the moleculz
depth. This follows from the fact that the attenuation of thgotions in the liquidsf is the leakage factor, given Hy=
microwave magnetic and electric fields in a dielectric Iosq;(”/(R0 + R,), WhereR, is the nuclear spin-lattice relaxation
medium such as water is proportional to ex{%(z), wherezis rate in the absence of the radicals aRq is the nuclear
the propagation direction ang’ is the inverse penetration re|axation rate induced by the radicals. Furthermore, s is tt

depth, given by 18) saturation factor, given by= 1 — MJ/M,,, whereM, andM,
are the electron polarizations in the presence and absence of
(8)2 = 0.5e,ueo [ {(e)? + (e)2V2 — ¢1]. [1] irradiation field, respectively; angl. and -y, are the electron

and nuclear gyromagnetic ratios. Finally, the facfotakes

into account the possibility that the EPR spectrum may consi
€, andu, are the electric permittivity and magnetic permeabilf several lines with such large separations that only part of tt
ity in vacuum, respectively; andey are the real and imaginary spectrum can be saturated. The maximum valuéssfandA
parts of the relative permittivity of the medium, andis the are unity, whereas in low fields the coupling faciovaries
irradiation frequency. It follows that, e.g., for water at 30°Getween+1 for pure scalar interactions and1/2 for pure
andw/2m = 9 GHz, wheree; = 66.3 ande; = 25.2 (19), the gipolar interactions, resulting in positive, respectively nega
penetration depths{) * is 3.5 mm. Hence this depth is suffi-ive, Overhauser enhancements « 0). It has been found
ciently large for DNP MRM applications, and this is true fofrom low-field (9.5 mT) DNP experiments that for the TAM

even larger microwave frequencies as well, provided that thgjical in water the scalar interactions can be neglectey (
sample size can be made sufficiently small. For instance, tigen is given by

penetration depth in water at 30°C for 40 GHz, where 21.5

ande! = 30.2 (19), is 0.43 mm (we note that in these examples p=-RJR 3]
the effects of the electrical conductivity of water in biological !
samples, which is on the order of 0.1-1 S™'m(20), are Ris = (2/3)(nd/4m) *y2yth?S(S + 1)J(w,) [4]

neglected. This is justified, because this conductivity causes ar'a2 2/15 A7) 2v2v2h2S(S + 1){3] + 73
increase ire; inversely proportional taw, and for frequencies ( ) (/4 Ty eyih ™St J133(w) (o))

in the range 9—40 GHz this increase only produces a minor [5]
reduction in the penetration depth). Of course, the sample
heating due to the microwave irradiation and the reduction in, and w, are the electron and proton Larmor frequencies
DNP enhancements at high fields remain serious problemsspectively, and(w) is the spectral density function charac-
These issues will be addressed in the next sections. terizing the molecular motionRs is the mutual electron—
The purpose of this paper is threefold. First, a DNP NMRuclear relaxation rate induced by the electron—nuclear dipol
setup is described, operating in a field of 1.4 T, in which thateractions, and, is the nuclear relaxation rate induced by
microwave heating in small aqueous sample is reduced the radicalsR, is often defined asR, wherec is the radical
acceptable values. Second, the DNP properties of the TAddncentration andR the so-called relaxivity of the radical per
radical at this field are investigated and evaluated. Finally, toait concentration. It follows thaf(w) determines the fre-
field dependence of the DNP enhancement factor for the TA§iency dependence of the Overhauser enhancement. Usin
radical will be discussed, and the optimal field strength fenodel in which the molecules are assumed to be spin-center:
DNP MRM in aqueous samples will be determined. hard spheres without intermolecular forces, the translation
As extensive reviews about DNP in liquids have alreadyiffusion results in a spectral density function given bg,(22
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J(w) = (cNy/7Db)(3a + 15(a/2) 2 + 12)/ capability is very useful for optimizing both the microwave
amplitude and frequency for maximal DNP results.
(@ + 4V2a% 4 16a® + 27V 2 Without modifications of the DNP probe severe microwave
+ 8la + 81V2aY? + 81). [6] heating of the sample would occur. To estimate the temper
ture raise that can be expected, we consider the propagation
the microwaves in a water sample with a thickndss the
N, is Avogadro’s numberb is the minimal distance of ap- propagation directiom. It can be shown that the rate of energy
proach of a water and radical molecul®,is the sum of the dissipation per unit volumaJ, is given by thez-derivative of
translational diffusion constants of the two molecules, ard the real part of the Poynting vectBr= 0.5E X H (18), where
wT,, Wherer, is the correlation time, defined as= b?/D. We E andH are the electric and magnetic microwave component
note that a different expression fdfw) has been derived using For propagating microwaves in wat&f and|H| are related by
a so-called independent diffusion mod@, §). However, a |E| = |Z| |H|, where|Z| is the impedance of water, given by
comparison between the two results revealed that for a fi&* = w./(e.|e ), with |e| = [(€])* + (€})]]"*. ThenW can be
guency range up to 40 GHz the resulting coupling factors diffexpressed as
by no more than 20%. Therefore we confine ourselves to the
simple expression fod(w), given in Eq. [6]. Also, molecular W = 0.5weqe!|E|?exp(—28"2) [Wm2]. (71
rotations, arising from either rotations of noncentered spins
(23) and/or from rotations of complexes of the solvent molerne total rate of energy dissipation in the samplejs found
cules with the radicals, which can become the dominating integrating Eq. [7] over the sample volunve, and the

vents -9, may provide extra contributions to the spectral

density functiqn. We_ shall come back to this matter in the  + _ 107°P/(4.184V) ~ 5.3 X 10 ¥we’|E|?2
Results and Discussion.

The DNP NMR spectrometer was developed in a collabo- X [1— exp(—2s"d)]/(s"d) [°Cls]. (8]
rative effort between PNNL and the University of Utah and
placed at the University. It utilizes a horizontal Magnex magAs an example we shall consider the effects of microwav
net with a clear bore size of 22 cm. The magnet operates dtradiation at 40 GHz in a water sample with a thickndssf
field of 1.4 T, corresponding to electron afd Larmor fre- 1 mm and an initial temperature of 30°C. For the DNP setu
quencies of 40 GHz and 60 MHz, respectively. The NMR pautsed in this investigation, the amplitude of the magnetic corn
of the spectrometer is a Chemagnetics CMX-100 consof@nent of the microwave field|, is maximal about 80 A m
Microwave irradiation is achieved with a Wiltron microwave|B| = 0.1 mT). Using the values, = 21.5 ande; = 30.2
frequency generator, Model 68263B, and a Traveling Waggven above, it follows thag” ~ 2.3 X 10°m™, |Z| ~ 62,
Tube amplifier (Logimetrics Model A400/KA), which pro-and|E| ~ 4,900 [V m']. The result is thah T ~ 42°C/s.
duces a cw output microwave power of 10 W in the frequendyence it takes only a few seconds of microwave irradiation t
range 26—40 GHz. The probe is home-built, and is a varianttodil the water, in accordance with experimental observation
previous designs3( 10, 24. The microwave irradiation is ob- To reduce this heating thefield has to be reduced, and to this
tained using a combination of a cylindrical horn antenna wittnd special microwave resonators like loop-gap resonators
a diameter of 10 mm and a movable reflector. This means tlwaersized cavities have been developed, where BHeld
the microwaves can penetrate the sample from two directionsstribution in the resonator contains nodes where the samg
and as the penetration depth at 40 GHzi8.4—0.5 mm (see can be placed26, 27). Especially loop-gap resonators have
above) this allows us to use samples with a width of 0.8—1 mibeen applied successfully to perform EPR in lossy sample
in the propagation direction of the microwaves. The NMR coéven for microwave frequencies as high as 35 GEB),(and
has the same diameter as the horn opening and a length ohabe also been used for DNP at 9 GF28)( We found that
mm and is placed with its axis coincident with that of the horsubstantial reductions in the-field could also be obtained by
antenna. Based upon DNP enhancements observed in nonlagisyling a solenoid around the sample tube with its axis pe
model solid compoundslQ, 25, it is estimated that with this pendicular to thé=-field direction of the microwaves. Figure 1
design the 10 W incident microwave power corresponds to ahows a sketch of the DNP probe with this screening coil i
amplitude of the (linearly polarized) magnetic component @iace. It was found that with a proper positioning of the coi
the microwave field of about 0.1 mT. The probe is equippeahd the reflector the microwave magnetic field component we
with two modulation coils, connected (via a home-built powestill close to its value obtained without the screening coil, bu
amplifier) to a SR850 DSP lock-in amplifier from Stanfordhat the E-field, which has nodes at the wire locations, wa:
Research Systems which, in combination with the microwageabstantially reduced in the sample as well, resulting in
frequency sweep, makes it possible to perform cw first-deridecreased sample heating. However, it should be noted tt
ative 40 GHz EPR. Although its sensitivity is low, this EPRhese results were found to depend strongly on the positions
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SAMPLE the large NMR coil was used, mainly because the use of tl
REFLECTQR | HOBN NA screening coil would have required a major redesign of th
[_<:§ probe layout and because with the existing coil the proto
— T NMR sensitivity was sufficiently large to measure the DNF
oo%o E-field enhancement factors accurately.
NMR COIL o . .
SCREENING COIL An elaborate description of the TAM radical and its pros:

pects for biological applications has been published elsewhe
(12). In the present study the symmetric trityl radical was use
as described in this reference, the only difference being that o
radical was not deuterated. The structure of this radical is give
MICROWAVE in Fig. 2. For our investigations 10 mM of this radical was
GUIDE dissolved in deionized water. The sample was poured into
capillary with an o.d. of 1.5 mm, an i.d. of 1. mm, and a lengtt
of 6 mm, after which the capillary was sealed. The sample wz
not degassed, which allowed us to determine the saturati
A properties of the radical at 1.4 T in a biologically more realistic
case of oxygen containing water.

All measurements were carried out at 26°C. IP)(the
correlation timer, = b’/D, governing the DNP effect, was
determined at 23°C, using a minimal distance of approach of
water and radical molecul®, of 5.45x 10*° m, and approx-
imating D by the diffusion coefficient of free wate) =
1.9 X 107° m?/s. The result is that, = 156 = 13 ps. Using
this value and using the activation energy of the diffusior
coefficient in water of 4.9 kcal/mol3Q), it can easily be
calculated that at 26°C this correlation time is given by #43
13 ps. This value will be used to evaluate the 1.4 T DNI
results.

Figure 3A shows the EPR spectrum of the TAM radical
measured in an external field of 10 mT in a degassed samp
B As reported beforel@), for this type of radicals the spectrum

FIG.1. Sketch of the side view (A) and the top view (B) of the DNP NMRCOHSIStS of a narrow central linewidth a width Ofuﬂ' and an

probe. The screening coil has a length of 6 mm and consists of 4 turns of @g@y Of ten (F_)artia”y degen_er?‘té’)):: ?ate”ite lines. The cen-
mm o.d. wire wound tightly around the 1.5 mm o.d. sample capillary. THe€rs of these lines do not coincide with the central line. This i

other parts are explained in the text. a result of second-order hyperfine splittings which becom
pronounced in this low field31). For instance, the center of the
the coil and the reflector and were difficult to reproduceuter two lines, which are separated by 31 MHz, is shifted 0.
Therefore, more work is needed to improve the setup. With thMHz downfield relative to the center line. It has been deter
screening coil in place the increase in the water temperatunéned in (L2) that the presence of the satellites reduces th
was determined aftel s of microwave irradiation at maximum factorA in Eq. [2] to 0.89, and this number shall be used in the
power (the temperature was determined from the chemical skiftalysis of the DNP results. With the insensitive 40 GHz EPI
change of the water signal, which is given by1.33 X 107> setup used in our measurements only the central line could
ppm/°C). It was found that for the sample size given below amtétected (however, the satellite lines could clearly be observ
the screening coil described in the caption of Fig. 1, in the
presence of room temperature cooling nitrogen gas around the
sample the temperature increase was only 16°C. In fact, for
microwave powersfo3 W and below the temperature did not

c
change noticeably. Hence we conclude that the screening coil H3C S S /CHa
reduces thé&-field in the sample by an order of magnitude. It \
is worth noting that, besides reducing the sample heating, the :
HC ¢ s/ CH3

Bo

HORN

REFLECTOR ANTENNA

=l

NMR COIL:

SCREENING COIL

screening coil has the additional advantage that it can be used

to detect NMR as well, thus providing optimal NMR sensitiv-

ity (in fact, this setup was used by Wired al. (24) for DNP COO™Na*

investigations in lossy solids). However, in the present study FIG. 2. The molecular structure of the symmetric trityl radical.
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1.4 T. It follows from Fig. 3B that the proton Overhauser
enhancement is negative, indicating that also at higher fielc
the dipolar electron—nuclear interactions are the dominant DN
mechanisms. The coupling factecan be determined from Eq.
[2], provided thatf, s, andA are known. It has already been
established above th&t= 0.63, andA = 0.89, sothat the
only parameter left is the saturation factoIThe usual way to
determine this factor is measuring the enhancemegy ¢ 1)

as a function of the microwave power. If the microwave fielc
is homogeneously distributed over the sample, the saturati
factor can be expressed 8= BPJ/(1 + BP.), wherep is a
constant andP, is the microwave power. In this case the
parameter E,, — 1)™* should be linearly proportional to
(P74, cf. Eq. [2], so that extrapolation of the pldEg, — 1)*
versus P,) " to zero P.) ' provides the enhancement factor
for s = 1. The experimental plot is given in Fig. 4. Here the
Overhauser enhancement was determined as a function
power afte a 4 smicrowave irradiation, which is sufficiently
long for the nuclear polarization to reach its stationary value.
follows that for larger values ofR,) " indeed a linear rela-
tionship is observed. For smalleP{)~* values €,y — 1)*
decreases nonlinearly wittP()™*, resulting in increased en-
hancement factors for larger microwave powers than follo
from extrapolation of the low-power results. This is mainly due
to the temperature increase in the sample at elevated mici

-10 —

FIG. 3. (A) The EPR spectrum of the symmetric trityl radical dissolved in 0.6
degassed water. The spectrum was measured in an external magnetic field of
10 mT. (B) The'H Overhauser enhancemedss, as a function of the micro- 1-E -1
wave off-set frequency« — w,) and an incident microwave power of 9 W. ( B OV)
The microwave frequency was swept in steps of 0.5 MHz over a range of 50
MHz. The enhancement curve reflects the saturated EPR spectrum. 0.5

in the DNP enhancement curve, given in Fig. 3B). It was found
that in the nondegassed sample the presence of the oxygen g4
increased the width of this line to 24T.

The proton spin-lattice relaxation times in the absence and
presence of the radical were found to be 2.44 s and 0.90 s,
respectively. It follows from this result that the leakage factor 0.3
f is 0.63 and that the relaxivitR = R,/c of the TAM radical
at 60 MHz is 0.070 (mMs)". This corresponds to a low-field
relaxivity of 0.21 (mMs)*, taking into account thab.r, > 1
at 1.4 T, and hencé(w,) < J(w,) = J(0), which reduceRR 0.2
to 0.3 times its low-field value, cf. Eq. [5]. This low-field value
is in accordance with experimental results observed in fields of
10 mT and smaller12).

Figure 3B shows the DNP enhancement curve, i.e.,'the 0.1
Overhauser enhancement factor as a function of the microwave )
frequency. This curve reflects the (saturated) EPR spectrum,
which resembles closely the low-field EPR spectrum, except

: : 4 I
for the increased linewidths as a result of the presence o(Pfh

8 | | . | .

1 2
(Pe )1 (W)

G. 4. The inverse Overhauser enhancement-(E,,) *, as a function
e inverse microwave powe; ', whereP, denotes the incident microwave

oxygen and the microwave irradiation, and for the secongbwerin w. Open circles: experimental; solid line: linear dependence betwe:
order hyperfine splittings, which become negligibly small gt — Eo,) ™ andP.*, determined from the low-power results.
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wave powers. The chemical shift value of the water line -1
revealed that for®.,) " > 0.3 W' no noticeable temperature
change occurred, and that for 0 (P,) ™ < 0.3 W the p
temperature gradually increased from 26 to 42°C at maximum POx1010 T
power. This temperature increase causes a decrease in the
correlation time and, therefore, an increase in DNP enhance- -0.1
ment, and indeed the enhancement increase measured for
larger microwave powers is consistent with the sample tem-
perature (we note that this nonlinearity can also be caused by
an inhomogeneous microwave field distribution over the sam-
. - . -0.01 v ol coevonl L1 1)
ple, resulting, e.g., from the finite penetration depth of the 01 1 10
microwaves and the presence of the screening coil. Then the Mg /27 (GHz)
inverse saturation factor is no longer proportionaPto*, and _
the relationship betweenPQ)fl and Eov _ 1)71 becomes FIG. 5. The coupling factorp (curve a) and the product qgf and t'he
. . oY electron Larmor frequencw, (curve b) as a function of.. The coupling

nonlinear. However, this inhomogeneity is probably not th?&ctor has been calculated from Egs. [3]-[6], using a correlation time of 143 p
large, as during 14 s ofmicrowave irradiation much of the open circles: experimental. The low frequency valup isfobtained from Ref.
sample will be submitted to a same average microwave field(&3.
a result of microscopic and macroscopic thermal motions in the
water. Therefore the effects of this inhomogeneity will bsion of this model resulted in marginal corrections for the
neglected). coupling factor, with a tendency to overestimate its value

Extrapolating the linear part of theP()™ versus E,, — Moreover, it can be remarked that the formation of rotating
1)* curve, observed forl,) ' > 0.3, to P,) ' = 0, it follows  solvent-radical complexes is not apparent for the TAM radice
from Fig. 4 that Eqy — 1) ™' = —0.145 Eov — 1 = —6.9) for in water. Therefore we conclude that for all frequencies th
infinite microwave power, i.es = 1. It also follows from this Overhauser effect is governed by electron—nuclear dipolar i
plot that the saturation factor at maximum power is lagye;, teractions only, and that the time dependence in the relaxati
0.89. Using this value, and approximating by s =~ transitions is determined by the translational diffusion of the
ve’B. T Tod(1 + v.°B, T T,o), the average amplitude of thewater molecules.
magnetic component of the microwave field can be estimatedrinally, in Fig. 5 also the produgiw,, which is a measure
(T and T, are the electron spin—lattice and spin—spin relafer the overall enhanced nuclear polarization, is given. It fol
ation times). It follows from the unsaturated EPR spectrum thiatvs that this value becomes maximal f©f ~ 9 GHz. This
T,. = 320 nsec, and it is estimated that in oxygen-containimgeans that the standard EPR frequency of 9 GHz is an exc
waterT,. is about 1.5 ,, = 480 nsec 12). Using these values lent choice for DNP MRM, also because at this frequency th
it follows thatB; = 0.04 mT atmaximum power. Hence the microwave penetration depth is still a few mm, very acceptabl
linearly polarized microwave field is 0.08 mT, comparable tior MRM research, and because the optimal frequency ir
the value of 0.1 mT, estimated from DNP experiments icreases only slowly with temperature (e.g., at 37°C this fre
nonlossy solids, see above. We conclude that the screening qokncy becomes 12 GHz).

only induces a minor decrease in tBefield of the micro- It has been shown that with a relatively simple DNP device
waves. Finally, it follows from Fig. 4 that forR,) ™" = 0.3, consisting of a horn antenna, a reflector, and a coil close
whereE,, — 1 = —5.0, the saturation factor is 0.73. Thiswvound around the sample capillary tube, it is possible t

means that even at reduced microwave powers, where perform DNP on aqueous samples at 1.4 T without excessi
sample heating can be neglected, still relatively large saturatsemple heating. In fact, incident microwave powers up to 3 W\
factors are obtained. corresponding to an amplitude of the (linearly polarized) mag
Using the valueg€,, — 1= —6.9fors=1,f = 0.63, and netic component of the microwave field of about 0.04 mT
A = 0.89, itfollows from Eq. [2] that the Overhauser en-could be applied for at lead s without any noticeable increase
hancement fos = f = A = 1 becomes given by-12.3, in the sample temperature. It should be emphasized that, as
corresponding to a coupling facter at an electron Larmor far no attempts have been made to optimize this design, it
frequency of 40 GHz of-0.0187. Using the correlation time oflikely that its performance can be further improved. This will
143 = 13 ps, it follows that Egs. [3—6] predict a couplingoe explored in future investigations, which will also include
factor of —0.0193+ 0.0025, in excellent agreement with theODNP MRM to map the Overhauser enhancement distributio
experimental value. This can also be observed in Fig. 5, whereer the sample.
the frequency dependence fs given. In this figure also the It was found that, like in low fields, in the relatively large
low-field coupling factor is given reported in%). We also external field of 1.4 T the TAM radical has favorable DNP
evaluated the effects of the eccentricity of the water moleculpsoperties. Even in oxygenated water the EPR line is easy
on the spectral density functio3). It was found that inclu- saturate, which compares favorably with nitroxide radicals
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where in our setup no DNP enhancement was observed untier work was supported by the Pacific Northwest National Laboratory,
these conditions. Moreover, Iarge radical concentrations canrﬁétiprogram laboratory operated by Battelle Memorial Institute for the U.S
D(—)é)ﬁirtment of Energy under Contract DE-AC06-76RLO 1830.

used, so that the leakage factor can be made rather large, ev

in biological samples where the relaxation time of the water

protons in absence of the radicals is reduced, or in larger fields

Where the relaxivity of the radical is reduc_ed. It was _deter-l. D. J. Lurie, D. M. Bussell, L. H. Bell, and J. R. Mallard, Proton-

mined that at 1.4 T the spectral density function, governing the ejectron double magnetic resonance imaging of free radical solu-

radical-induced relaxation transitions, is completely deter- tions, J. Magn. Reson. 76, 366-370 (1988).

mined by translational diffusion, which means that the contri2. D. J. Lurie, J. M. S. Hutchison, L. H. Bell, I. Nicholson, D. M.
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.. . T . Magn. Reson. 84, 431-437 (1989).
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the following can be remarked. For the TAM radical dissolved Mehlkopf, Functional Overhauser imaging and functional MRI: A
in water it was determined that the DNP-enhanced polarization comparison, in "Proceedings: ISMRM Fifth Scientific Meeting, Van-
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a maximum (i.e., fos = f = A = 1) DNP enhancement of > I'D',K“pﬁ’usamy' P. Wang, M. Chzhan, and J. L. Z";’i'_erl' H_'ghl reso-
_about 92 is expected at 26°C, _amd this can be further increasedsggnvsi;c?ziﬂg{: rﬂ?gnggfaﬁj;;ae?icce &ae?m,\g/lgM 'g; gffgfirgé
if the temperature can be raised (for instance, at 37°C the (1997).
enhancement becomes 50% larger). This means that at 266Ca. w. overhauser, Polarization of nuclei in metals, Phys. Rev. 92,
the DNP-enhanced polarization in this field equals the thermal 411-415 (1953).
equilibrium polarization in a field of 29 T, which is consider- 7. K. H. Hausser and D. Stehlik, Dynamic nuclear polarization in
ably larger than the largest available high-resolution magnet liquids, in "Advances in Magnetic Resonance® (J.S. Waugh, Ed.),
field available to date. Therefore, we think that the DNP MRM  V0!-3. PP 79-139, Academic Press, New York (1968).
in medium field strengths has the potential of improving thé- J: Trommel, "Molecular Motions and Collisions in Organic Free
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: ’ ) . Thesis, Delft University of Technology, Delft, The Netherlands
spatial resolutions than is possible at present. Moreover, ad-(197g).
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ence of sample losses on the NMR sensitivity becomes negli- and interactions as studied by dynamic nuclear polarization
gibly small, and that susceptibility broadenings in the sample, (DNP) in free radical solutions, in “Advances in Magnetic Reso-
which arise in samples containing porous media and cause"a"¢€” (- S. Waugh, Ed.), Vol. 11, pp. 1-45, Academic Press,

. . . . . . New York (1983).
signal losses and image distortions in large fieldl$),(are i N ,
reduced 10. R. A. Wind, M. J. Duijvestijn, C. van der Lugt, A. Manenschijn, and

) . . J. Vriend, Applications of dynamic nuclear polarization in **C NMR
We finally note that the utility of the TAM radical for DNP in solids, Progr. in NMR Spectr. 17, 33-67 (1985).

MRM may be further increased if this type of radical can alspy. r. p. Bates, Jr, Dynamic nuclear polarization, Magn. Reson. Re-
be dissolved in nonlossy liquids or supercritical fluids. In these view 16, 237-291 (1993).
solvents the correlation times can be considerably smaller thiem J. H. Ardenkjaer-Larsen, I. Laursen, I. Leunbach, G. Ehnholm, L.-G.
in water, resulting in increased enhancement factors at higher Wistrand, J. S. Petersson, and K. Golman, EPR and DNP properties
fields. In fact. under these conditions a field of 1.4 T or even of certain novel single electron contrast agents intended for oxi-
) ' ’ . . ' . metric imaging, J. Magn. Reson. 133, 1-12 (1998).
higher may become the field of choice for DNP MRM. It is gng ; R ( . ) i
ted that a simple chemical modification in a 13. D. Marsh, Recent developments in spin labeling, in “Bioradicals
eXp_e_C p . l]blm . Detected by ESR Spectroscopy” (H. Ohya-Nishiguchi and L.
position of the aromatic parts of the radical such as estherifi- packer, Eds.), pp. 173-191, Birkhauser Verlag, Basel (1995).
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