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Recently a triarylmethyl-based (TAM) radical has been devel-
ped for research in biological and other aqueous systems, and in
ow magnetic fields, 10 mT or less, large 1H dynamic nuclear
olarization (DNP) enhancements have been reported. In this
aper the DNP properties of this radical have been investigated in
considerably larger field of 1.4 T, corresponding to proton and

lectron Larmor frequencies of 60 MHz and 40 GHz, respectively.
o avoid excessive microwave heating of the sample, an existing
NP NMR probe was modified with a screening coil, wound

round the sample capillary and with its axis perpendicular to the
lectric component of the microwave field. It was found that with
his probe the temperature increase in the sample after 4 s of
icrowave irradiation with an incident power of 10 W was only

6°C. For the investigations, 10 mM of the TAM radical was
issolved in deionized, but not degassed, water and put into a
-mm i.d. and 6-mm long capillary tube. At 26°C the following
esults were obtained: (I) The relaxivity of the radical is 0.07
mMs)21, in accordance with the value extrapolated from low-field
esults; (II) The leakage factor is 0.63, the saturation factor at
aximum power is 0.85, and the coupling factor is 20.0187. It is

hown that these results agree very well with an analysis where the
lectron–dipolar interactions are the dominant DNP mechanism,
nd where the relaxation transitions resulting from these interac-
ions are governed by translational diffusion of the water mole-
ules. Finally, the possibilities of combining DNP with magnetic
esonance microscopy (MRM) are discussed. It is shown that at
6°C the overall DNP-enhanced proton polarization should be-
ome maximal in an external field of 0.3 T and become comparable
o the thermal equilibrium polarization in a field of 30 T, consid-
rably larger than the largest high-resolution magnet available to
ate. It is concluded that DNP MRM in this field, which corre-
ponds to a standard microwave frequency of 9 GHz, has the
otential to significantly increase the sensitivity in NMR and MRI
xperiments of small aqueous samples doped with the TAM
adical. © 1999 Academic Press

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

Inserting paramagnetic labels into biological systems ca
sed in electron paramagnetic resonance imaging (EPRI
verhauser magnetic resonance imaging (OMRI) to deter

1 To whom correspondence should be addressed. E-mail: robert.w
nl.gov.
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irectly and indirectly the spatial distribution of the label a
o measure the local concentration of dissolved molec
xygen (1–5). In OMRI, the NMR signal of the water proto

s enhanced by dynamic nuclear polarization (DNP) of
verhauser type (6–11). In principle this can result in a larg
nhancement of the nuclear polarization, maximal on the o
f the ratio of the electron and nuclear gyromagnetic ra
specially promising for this type of applications is a rad

hat has been developed recently, which is based on th
rylmethyl (TAM) molecule (4, 5, 12). It has been found th

his radical is stable in biological objects (5), has excellen
ater solubility, and has a reasonably large relaxivity (12).
lso, the TAM radical has several advantages over the ni

de radicals, traditionally used as biological paramagneti
els (13), such as a narrow single EPR line with minim
yperfine couplings, and a reduced concentration-depen
f the EPR linewidth (12). This makes it possible to do
queous samples with relatively large radical concentra
several tens of mM) and to saturate the EPR spectrum
elatively little RF power. Indeed, in low fields large (negati
verhauser enhancements have been observed for this r

2280 in a field of 9.5 mT) (4, 12), considerably larger than th
nhancements obtained with nitroxide radicals (2, 14).
The signal enhancement obtained in OMRI makes the

ique potentially useful for increasing the spatial resolutio
he images as well, as the NMR sensitivity is one of the
arameters determining this resolution. However, a se
isadvantage of OMRI is that for larger biological objects
xperiments have to be performed in low external fields.
easons for this field limitation are well known. The la
ielectric losses in biological samples limit the penetra
epth of the RF field and the RF field is partially converte
eat (15). Moreover, the DNP enhancement factor decre
ith increasing field if the correlation time describing
olecular motions of the water molecules become compa

o or larger than the inverse electron Larmor frequency,ve
21

7–9). Therefore, in practice, where biological objects
onsidered with sizes of a few cm or more, the external fi
re usually restricted to 10 mT or less (3), which correspond t
e values of 300 MHz or less. This has as a consequenc

he overall DNP-enhanced nuclear polarization, which is
@

pro-
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348 COMMUNICATIONS
ortional to the product of both its thermal equilibrium va
nd the DNP enhancement factor, is not extremely large
an easily be achieved without DNP in a magnet of a mod
eld strength, well suited for standard NMR and MRI exp
ments. Moreover, the NMR sensitivity increases with incr
ng fields as well, and although this issue can be solve
sing field-cycling or sample-shuttling techniques (2, 3, 16),
here low-field DNP is combined with high-field NMR, it
bvious that low-field DNP in larger samples is hardly us
s a means to increase sensitivity.
The situation is different when DNP is combined with m

etic resonance microscopy (MRM). Here small samples,
izes of 1 mm or less, need to be used in order to o
igh-resolution images and localized NMR spectra (17). This
eans that the RF frequencies can be made much larger

nto the microwave region, and still have sufficient penetra
epth. This follows from the fact that the attenuation of
icrowave magnetic and electric fields in a dielectric lo
edium such as water is proportional to exp(2s0z), wherez is

he propagation direction ands0 is the inverse penetratio
epth, given by (18)

~s0! 2 5 0.5eomov
2@$~e9r!

2 1 ~e 0r!
2% 1/ 2 2 e9r#. [1]

o andmo are the electric permittivity and magnetic permea
ty in vacuum, respectively,e9r ande0r are the real and imagina
arts of the relative permittivity of the medium, andv is the

rradiation frequency. It follows that, e.g., for water at 30
ndv/2p 5 9 GHz, wheree9r 5 66.3 ande0r 5 25.2 (19), the
enetration depth (s0)21 is 3.5 mm. Hence this depth is su
iently large for DNP MRM applications, and this is true
ven larger microwave frequencies as well, provided tha
ample size can be made sufficiently small. For instance
enetration depth in water at 30°C for 40 GHz, wheree9r 5 21.5
nde0r 5 30.2 (19), is 0.43 mm (we note that in these examp

he effects of the electrical conductivity of water in biologi
amples, which is on the order of 0.1–1 S m21 (20), are
eglected. This is justified, because this conductivity caus

ncrease ine0r inversely proportional tov, and for frequencie
n the range 9–40 GHz this increase only produces a m
eduction in the penetration depth). Of course, the sa
eating due to the microwave irradiation and the reductio
NP enhancements at high fields remain serious prob
hese issues will be addressed in the next sections.
The purpose of this paper is threefold. First, a DNP N

etup is described, operating in a field of 1.4 T, in which
icrowave heating in small aqueous sample is reduce
cceptable values. Second, the DNP properties of the
adical at this field are investigated and evaluated. Finally
eld dependence of the DNP enhancement factor for the T
adical will be discussed, and the optimal field strength
NP MRM in aqueous samples will be determined.
As extensive reviews about DNP in liquids have alre
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een published elsewhere (21, 7–11), we shall confine our
elves to a brief summary of the main results. In DNP po
zation transfer is obtained from the unpaired electron sy
o the nuclear spin system by saturating the EPR line.
henomenon is called the Overhauser effect (6). The polariza

ion transfer is governed by relaxation transitions, arising f
he electron–nuclear scalar and dipolar interactions, ren
ime dependent by the molecular motions in the liquids.
esulting Overhauser enhancement factor of the nuclear p
zation,EOV, is given by

EOV 5 1 2 rfsAge/gn. [2]

n Eq. [2], r is the coupling factor, determined by the streng
f the electron–nuclear scalar and dipolar interactions an

he spectral density functions characterizing the molec
otions in the liquids;f is the leakage factor, given byf 5

II /(Ro 1 RII ), whereRo is the nuclear spin–lattice relaxati
ate in the absence of the radicals andRII is the nuclea
elaxation rate induced by the radicals. Furthermore, s i
aturation factor, given bys 5 1 2 M e/M eo, whereM e andM eo

re the electron polarizations in the presence and absence
rradiation field, respectively; andge and gn are the electro
nd nuclear gyromagnetic ratios. Finally, the factorA takes

nto account the possibility that the EPR spectrum may co
f several lines with such large separations that only part o
pectrum can be saturated. The maximum values off, s, andA
re unity, whereas in low fields the coupling factorr varies
etween11 for pure scalar interactions and21/2 for pure
ipolar interactions, resulting in positive, respectively ne

ive, Overhauser enhancements (ge , 0). It has been foun
rom low-field (9.5 mT) DNP experiments that for the TA
adical in water the scalar interactions can be neglected12).
henr is given by

r 5 2RIS/RII [3]

RIS 5 ~2/3!~mo/4p! 2g e
2g n

2h2S~S1 1!J~ve! [4]

RII 5 ~2/15!~mo/4p! 2g e
2g n

2h2S~S1 1!$3J~vn! 1 7J~ve!%.

[5]

e and vn are the electron and proton Larmor frequenc
espectively, andJ(v) is the spectral density function char
erizing the molecular motions.RIS is the mutual electron
uclear relaxation rate induced by the electron–nuclear di

nteractions, andRII is the nuclear relaxation rate induced
he radicals.RII is often defined ascR, wherec is the radica
oncentration andR the so-called relaxivity of the radical p
nit concentration. It follows thatJ(v) determines the fre
uency dependence of the Overhauser enhancement. U
odel in which the molecules are assumed to be spin-cen
ard spheres without intermolecular forces, the translat
iffusion results in a spectral density function given by (12, 22)
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J~v! 5 ~cNA/pDb!~3a 1 15~a/ 2! 1/ 2 1 12!/

~a 3 1 4Ï2a 5/ 2 1 16a 2 1 27Ï2a 3/ 2

1 81a 1 81Ï2a 1/ 2 1 81!. [6]

A is Avogadro’s number,b is the minimal distance of a
roach of a water and radical molecule,D is the sum of th

ranslational diffusion constants of the two molecules, anda 5
tc, wheretc is the correlation time, defined astc 5 b2/D. We
ote that a different expression forJ(v) has been derived usin
so-called independent diffusion model (8, 9). However, a

omparison between the two results revealed that for a
uency range up to 40 GHz the resulting coupling factors d
y no more than 20%. Therefore we confine ourselves to
imple expression forJ(v), given in Eq. [6]. Also, molecula
otations, arising from either rotations of noncentered s
23) and/or from rotations of complexes of the solvent m
ules with the radicals, which can become the domina
otional mechanism for DNP at higher fields in organic

ents (7–9), may provide extra contributions to the spec
ensity function. We shall come back to this matter in
esults and Discussion.
The DNP NMR spectrometer was developed in a colla

ative effort between PNNL and the University of Utah a
laced at the University. It utilizes a horizontal Magnex m
et with a clear bore size of 22 cm. The magnet operates
eld of 1.4 T, corresponding to electron and1H Larmor fre-
uencies of 40 GHz and 60 MHz, respectively. The NMR
f the spectrometer is a Chemagnetics CMX-100 con
icrowave irradiation is achieved with a Wiltron microwa

requency generator, Model 68263B, and a Traveling W
ube amplifier (Logimetrics Model A400/KA), which pr
uces a cw output microwave power of 10 W in the freque
ange 26–40 GHz. The probe is home-built, and is a varia
revious designs (8, 10, 24). The microwave irradiation is ob

ained using a combination of a cylindrical horn antenna
diameter of 10 mm and a movable reflector. This means

he microwaves can penetrate the sample from two direct
nd as the penetration depth at 40 GHz is;0.4–0.5 mm (se
bove) this allows us to use samples with a width of 0.8–1

n the propagation direction of the microwaves. The NMR
as the same diameter as the horn opening and a length
m and is placed with its axis coincident with that of the h
ntenna. Based upon DNP enhancements observed in no
odel solid compounds (10, 25), it is estimated that with th
esign the 10 W incident microwave power corresponds
mplitude of the (linearly polarized) magnetic componen

he microwave field of about 0.1 mT. The probe is equip
ith two modulation coils, connected (via a home-built po
mplifier) to a SR850 DSP lock-in amplifier from Stanf
esearch Systems which, in combination with the microw

requency sweep, makes it possible to perform cw first-d
tive 40 GHz EPR. Although its sensitivity is low, this E
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apability is very useful for optimizing both the microwa
mplitude and frequency for maximal DNP results.
Without modifications of the DNP probe severe microw

eating of the sample would occur. To estimate the temp
ure raise that can be expected, we consider the propagat
he microwaves in a water sample with a thicknessd in the
ropagation directionz. It can be shown that the rate of ene
issipation per unit volume,W, is given by thez-derivative of

he real part of the Poynting vectorP 5 0.5E 3 H (18), where
andH are the electric and magnetic microwave compone

or propagating microwaves in wateruEu anduHu are related b
Eu 5 uZu uHu, whereuZu is the impedance of water, given
Zu 2 5 mo/(eoueru), with ueru 5 [(e9r)

2 1 (e0r)
2] 1/2. ThenW can be

xpressed as

W 5 0.5veoe 0ruEu 2exp~22s0z! @W m23#. [7]

he total rate of energy dissipation in the sample,P, is found
y integrating Eq. [7] over the sample volumeVs, and the

emperature increase in °C per second,DT, is given by

DT 5 1026P/~4.184Vs! < 5.3 3 10219ve 0ruEu 2

3 @1 2 exp~22s0d!#/~s0d! @°C/s#. [8]

s an example we shall consider the effects of microw
rradiation at 40 GHz in a water sample with a thicknessd of

mm and an initial temperature of 30°C. For the DNP s
sed in this investigation, the amplitude of the magnetic c
onent of the microwave field,uHu, is maximal about 80 A m21

uBu 5 0.1 mT). Using the valuese9r 5 21.5 ande0r 5 30.2
iven above, it follows thats0 ' 2.3 3 103 m21, uZu ' 62 V,
nd uEu ' 4,900 [V m21]. The result is thatDT ' 428C/s.
ence it takes only a few seconds of microwave irradiatio
oil the water, in accordance with experimental observat
o reduce this heating theE-field has to be reduced, and to t
nd special microwave resonators like loop-gap resonato
versized cavities have been developed, where theE-field
istribution in the resonator contains nodes where the sa
an be placed (26, 27). Especially loop-gap resonators ha
een applied successfully to perform EPR in lossy sam
ven for microwave frequencies as high as 35 GHz (28), and
ave also been used for DNP at 9 GHz (29). We found tha
ubstantial reductions in theE-field could also be obtained b
inding a solenoid around the sample tube with its axis
endicular to theE-field direction of the microwaves. Figure
hows a sketch of the DNP probe with this screening co
lace. It was found that with a proper positioning of the
nd the reflector the microwave magnetic field component
till close to its value obtained without the screening coil,
hat theE-field, which has nodes at the wire locations, w
ubstantially reduced in the sample as well, resulting
ecreased sample heating. However, it should be noted

hese results were found to depend strongly on the positio
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he coil and the reflector and were difficult to reprodu
herefore, more work is needed to improve the setup. With
creening coil in place the increase in the water temper
as determined after 4 s ofmicrowave irradiation at maximu
ower (the temperature was determined from the chemica
hange of the water signal, which is given by21.33 3 1022

pm/°C). It was found that for the sample size given below
he screening coil described in the caption of Fig. 1, in
resence of room temperature cooling nitrogen gas aroun
ample the temperature increase was only 16°C. In fac
icrowave powers of 3 W and below the temperature did n

hange noticeably. Hence we conclude that the screenin
educes theE-field in the sample by an order of magnitude
s worth noting that, besides reducing the sample heating
creening coil has the additional advantage that it can be
o detect NMR as well, thus providing optimal NMR sensi
ty (in fact, this setup was used by Windet al. (24) for DNP

FIG. 1. Sketch of the side view (A) and the top view (B) of the DNP NM
robe. The screening coil has a length of 6 mm and consists of 4 turns
m o.d. wire wound tightly around the 1.5 mm o.d. sample capillary.
ther parts are explained in the text.
nvestigations in lossy solids). However, in the present stud
.
e
re

ift

d
e
he
or

oil

he
ed

he large NMR coil was used, mainly because the use o
creening coil would have required a major redesign of
robe layout and because with the existing coil the pr
MR sensitivity was sufficiently large to measure the D
nhancement factors accurately.
An elaborate description of the TAM radical and its pr

ects for biological applications has been published elsew
12). In the present study the symmetric trityl radical was u
s described in this reference, the only difference being tha
adical was not deuterated. The structure of this radical is g
n Fig. 2. For our investigations 10 mM of this radical w
issolved in deionized water. The sample was poured in
apillary with an o.d. of 1.5 mm, an i.d. of 1 mm, and a len
f 6 mm, after which the capillary was sealed. The sample
ot degassed, which allowed us to determine the satur
roperties of the radical at 1.4 T in a biologically more reali
ase of oxygen containing water.
All measurements were carried out at 26°C. In (12) the

orrelation timetc 5 b2/D, governing the DNP effect, wa
etermined at 23°C, using a minimal distance of approach
ater and radical molecule,b, of 5.453 10210 m, and approx

mating D by the diffusion coefficient of free water,D 5
.9 3 1029 m2/s. The result is thattc 5 156 6 13 ps. Using

his value and using the activation energy of the diffus
oefficient in water of 4.9 kcal/mol (30), it can easily be
alculated that at 26°C this correlation time is given by 146
3 ps. This value will be used to evaluate the 1.4 T D
esults.

Figure 3A shows the EPR spectrum of the TAM radi
easured in an external field of 10 mT in a degassed sa
s reported before (12), for this type of radicals the spectru
onsists of a narrow central linewidth a width of 6mT and an
rray of ten (partially degenerate)13C satellite lines. The cen

ers of these lines do not coincide with the central line. Th
result of second-order hyperfine splittings which bec

ronounced in this low field (31). For instance, the center of t
uter two lines, which are separated by 31 MHz, is shifted
Hz downfield relative to the center line. It has been de
ined in (12) that the presence of the satellites reduces

actorA in Eq. [2] to 0.89, and this number shall be used in
nalysis of the DNP results. With the insensitive 40 GHz E
etup used in our measurements only the central line cou
etected (however, the satellite lines could clearly be obse

FIG. 2. The molecular structure of the symmetric trityl radical.
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n the DNP enhancement curve, given in Fig. 3B). It was fo
hat in the nondegassed sample the presence of the o
ncreased the width of this line to 21mT.

The proton spin–lattice relaxation times in the absence
resence of the radical were found to be 2.44 s and 0.
espectively. It follows from this result that the leakage fa
is 0.63 and that the relaxivityR 5 RII /c of the TAM radica
t 60 MHz is 0.070 (mMs)21. This corresponds to a low-fie
elaxivity of 0.21 (mMs)21, taking into account thatvetc @ 1
t 1.4 T, and henceJ(v e) ! J(v n) ' J(0), which reducesR

o 0.3 times its low-field value, cf. Eq. [5]. This low-field val
s in accordance with experimental results observed in fiel
0 mT and smaller (12).
Figure 3B shows the DNP enhancement curve, i.e., th1H
verhauser enhancement factor as a function of the micro

requency. This curve reflects the (saturated) EPR spec
hich resembles closely the low-field EPR spectrum, ex

or the increased linewidths as a result of the presenc
xygen and the microwave irradiation, and for the sec
rder hyperfine splittings, which become negligibly sma

FIG. 3. (A) The EPR spectrum of the symmetric trityl radical dissolve
egassed water. The spectrum was measured in an external magnetic
0 mT. (B) The1H Overhauser enhancementEOV as a function of the micro
ave off-set frequency (v 2 ve) and an incident microwave power of 9 W
he microwave frequency was swept in steps of 0.5 MHz over a range
Hz. The enhancement curve reflects the saturated EPR spectrum.
d
en

d
s,
r

of

ve
m,
pt
of
-

t

.4 T. It follows from Fig. 3B that the proton Overhau
nhancement is negative, indicating that also at higher fi

he dipolar electron–nuclear interactions are the dominant
echanisms. The coupling factorr can be determined from E

2], provided thatf, s, andA are known. It has already be
stablished above thatf 5 0.63, andA 5 0.89, sothat the
nly parameter left is the saturation factors. The usual way t
etermine this factor is measuring the enhancement (EOV 2 1)
s a function of the microwave power. If the microwave fi

s homogeneously distributed over the sample, the satur
actor can be expressed ass 5 bPe/(1 1 bPe), whereb is a
onstant andPe is the microwave power. In this case
arameter (EOV 2 1)21 should be linearly proportional
Pe)

21, cf. Eq. [2], so that extrapolation of the plot (EOV 2 1)21

ersus (Pe)
21 to zero (Pe)

21 provides the enhancement fac
or s 5 1. The experimental plot is given in Fig. 4. Here
verhauser enhancement was determined as a functi
ower after a 4 smicrowave irradiation, which is sufficient

ong for the nuclear polarization to reach its stationary valu
ollows that for larger values of (Pe)

21 indeed a linear rela
ionship is observed. For smaller (Pe)

21 values (EOV 2 1)21

ecreases nonlinearly with (Pe)
21, resulting in increased e

ancement factors for larger microwave powers than fo
rom extrapolation of the low-power results. This is mainly
o the temperature increase in the sample at elevated m

FIG. 4. The inverse Overhauser enhancement, (12 EOV)21, as a function
f the inverse microwave powerPe

21, wherePe denotes the incident microwa
ower in W. Open circles: experimental; solid line: linear dependence be
1 2 E 21 21

d of

0

OV) andPe , determined from the low-power results.
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ave powers. The chemical shift value of the water
evealed that for (Pe)

21 . 0.3 W21 no noticeable temperatu
hange occurred, and that for 0.1, (Pe)

21 , 0.3 W21 the
emperature gradually increased from 26 to 42°C at maxim
ower. This temperature increase causes a decrease
orrelation time and, therefore, an increase in DNP enha
ent, and indeed the enhancement increase measure

arger microwave powers is consistent with the sample
erature (we note that this nonlinearity can also be cause
n inhomogeneous microwave field distribution over the s
le, resulting, e.g., from the finite penetration depth of
icrowaves and the presence of the screening coil. The

nverse saturation factor is no longer proportional toPe
21, and

he relationship between (Pe)
21 and (EOV 2 1)21 become

onlinear. However, this inhomogeneity is probably not
arge, as during the 4 s ofmicrowave irradiation much of th
ample will be submitted to a same average microwave fie
result of microscopic and macroscopic thermal motions i
ater. Therefore the effects of this inhomogeneity will
eglected).
Extrapolating the linear part of the (Pe)

21 versus (EOV 2
)21 curve, observed for (Pe)

21 . 0.3, to (Pe)
21 5 0, it follows

rom Fig. 4 that (EOV 2 1)21 5 20.145 (EOV 2 1 5 26.9) for
nfinite microwave power, i.e.,s 5 1. It also follows from this
lot that the saturation factor at maximum power is large,s 5
.89. Using this value, and approximatings by s '

e
2B1

2T1eT2e/(1 1 ge
2B1

2T1eT2e), the average amplitude of t
agnetic component of the microwave field can be estim

T1e andT2e are the electron spin–lattice and spin–spin re
tion times). It follows from the unsaturated EPR spectrum
2e 5 320 nsec, and it is estimated that in oxygen-contai
aterT1e is about 1.5T2e 5 480 nsec (12). Using these value

t follows that B1 5 0.04 mT atmaximum power. Hence th
inearly polarized microwave field is 0.08 mT, comparabl
he value of 0.1 mT, estimated from DNP experiments
onlossy solids, see above. We conclude that the screenin
nly induces a minor decrease in theB-field of the micro-
aves. Finally, it follows from Fig. 4 that for (Pe)

21 5 0.3,
here EOV 2 1 5 25.0, the saturation factor is 0.73. T
eans that even at reduced microwave powers, wher

ample heating can be neglected, still relatively large satur
actors are obtained.

Using the valuesEOV 2 1 5 26.9 fors 5 1, f 5 0.63, and
5 0.89, it follows from Eq. [2] that the Overhauser e

ancement fors 5 f 5 A 5 1 becomes given by212.3,
orresponding to a coupling factorr at an electron Larmo
requency of 40 GHz of20.0187. Using the correlation time
43 6 13 ps, it follows that Eqs. [3–6] predict a coupli

actor of 20.01936 0.0025, in excellent agreement with
xperimental value. This can also be observed in Fig. 5, w

he frequency dependence ofr is given. In this figure also th
ow-field coupling factor is given reported in (12). We also
valuated the effects of the eccentricity of the water molec
n the spectral density function (23). It was found that inclu
-
e

m
the
e-
for
-

by
-

e
he

t

as
e

d
-
at
g

n
oil

he
on

re

s

ion of this model resulted in marginal corrections for
oupling factor, with a tendency to overestimate its va
oreover, it can be remarked that the formation of rota

olvent-radical complexes is not apparent for the TAM rad
n water. Therefore we conclude that for all frequencies
verhauser effect is governed by electron–nuclear dipola

eractions only, and that the time dependence in the relax
ransitions is determined by the translational diffusion of
ater molecules.
Finally, in Fig. 5 also the productrve, which is a measur

or the overall enhanced nuclear polarization, is given. It
ows that this value becomes maximal forve ' 9 GHz. This

eans that the standard EPR frequency of 9 GHz is an e
ent choice for DNP MRM, also because at this frequency

icrowave penetration depth is still a few mm, very accept
or MRM research, and because the optimal frequency
reases only slowly with temperature (e.g., at 37°C this
uency becomes 12 GHz).
It has been shown that with a relatively simple DNP dev

onsisting of a horn antenna, a reflector, and a coil clo
ound around the sample capillary tube, it is possibl
erform DNP on aqueous samples at 1.4 T without exce
ample heating. In fact, incident microwave powers up to 3
orresponding to an amplitude of the (linearly polarized) m
etic component of the microwave field of about 0.04
ould be applied for at least 4 s without any noticeable increa
n the sample temperature. It should be emphasized that,
ar no attempts have been made to optimize this design
ikely that its performance can be further improved. This
e explored in future investigations, which will also inclu
NP MRM to map the Overhauser enhancement distribu
ver the sample.
It was found that, like in low fields, in the relatively lar

xternal field of 1.4 T the TAM radical has favorable D
roperties. Even in oxygenated water the EPR line is ea
aturate, which compares favorably with nitroxide radic

FIG. 5. The coupling factorr (curve a) and the product ofr and the
lectron Larmor frequencyve (curve b) as a function ofve. The coupling

actor has been calculated from Eqs. [3]–[6], using a correlation time of 14
pen circles: experimental. The low frequency value ofr is obtained from Re

12).
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here in our setup no DNP enhancement was observed
hese conditions. Moreover, large radical concentrations c
sed, so that the leakage factor can be made rather large

n biological samples where the relaxation time of the w
rotons in absence of the radicals is reduced, or in larger
here the relaxivity of the radical is reduced. It was de
ined that at 1.4 T the spectral density function, governing

adical-induced relaxation transitions, is completely de
ined by translational diffusion, which means that the co
utions of rotating noncentered spins or rotating radical–w
omplexes can be neglected. This result is in contrast to
t this field in organic liquids, where it has been found
otations of radical–solvent complexes can become the d
ating motional mechanism (7–9).
With respect to the possible application of DNP for MR

he following can be remarked. For the TAM radical dissol
n water it was determined that the DNP-enhanced polariz
hould become maximal in a field of about 0.3 T. At this fi
maximum (i.e., fors 5 f 5 A 5 1) DNP enhancement

bout 92 is expected at 26°C, and this can be further incre
f the temperature can be raised (for instance, at 37°C
nhancement becomes 50% larger). This means that at

he DNP-enhanced polarization in this field equals the the
quilibrium polarization in a field of 29 T, which is consid
bly larger than the largest available high-resolution ma
eld available to date. Therefore, we think that the DNP M
n medium field strengths has the potential of improving

RM capabilities, so that images can be obtained with la
patial resolutions than is possible at present. Moreover
itional advantages of using medium fields are that the i
nce of sample losses on the NMR sensitivity becomes n
ibly small, and that susceptibility broadenings in the sam
hich arise in samples containing porous media and c
ignal losses and image distortions in large fields (17), are
educed.

We finally note that the utility of the TAM radical for DN
RM may be further increased if this type of radical can a
e dissolved in nonlossy liquids or supercritical fluids. In th
olvents the correlation times can be considerably smaller
n water, resulting in increased enhancement factors at h
elds. In fact, under these conditions a field of 1.4 T or e
igher may become the field of choice for DNP MRM. It
xpected that a simple chemical modification in thepara
osition of the aromatic parts of the radical such as esth
ation will result in radicals that can be used in these type
olvents, and which possess similar magnetic resonance
rties as the TAM radical considered in this paper.
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