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H dynamic nuclear polarization (DNP) has been measured in
upercritical ethylene in the pressure range 60–300 bar in an
xternal field of 1.4 T. A single-cell sapphire tube was used as a
igh-pressure cell, and powdered 1,3-bisdiphenylene-2-phenyl al-

yl (BDPA) free radicals were added and distributed at the wall of
he cell. At all pressures the dominant DNP mechanism was a
ositive Overhauser enhancement, caused by proton–electron con-
act interactions at the fluid/solid radical interface. The observed
nhancements varied from 12 at 60 bar to 17 at 300 bar. Besides
he Overhauser enhancement, small solid state and thermal mix-
ng enhancements also were observed, indicating that part of the
thylene was adsorbed at the radical surface for a prolonged time.
he impacts of the experimental conditions on the Overhauser
nhancement factors are discussed, and enhancements of at least
0–60 are estimated when the EPR saturation factor and the
eakage factor become maximal. These data indicate that DNP-
nhanced NMR has the potential of extending the impact of NMR
n research areas involving supercritical fluids. © 2000 Academic Press

Key Words: DNP; Overhauser effect; supercritical fluids;
ethylene.

INTRODUCTION

Supercritical fluids (SCFs) have both liquid and gas p
properties, such a high density, giving it appreciable solva
power, and a low viscosity, facilitating mass transport of
utes in the SCFs. Moreover, these parameters can be
over a relatively large range by adjusting the tempera
and/or the pressure. These properties, together with the b
that many SCFs such as carbon dioxide or water are saf
nonhazardous when depressurized, has triggered the u
SCFs in a large variety of industrial processes such as e
tion, separation, catalysis, cleaning, and polymerization (1–8).

All these unique properties of SCFs and their environm
ally significant applications make it important to underst
hese fluids as well as the processes involving SCFs in d
MR has been used to investigate the properties of SCF9),

1 To whom correspondence should be addressed. E-mail: robert.w
nl.gov.

2 Current address: Department of Chemistry and Biochemistry, Univ
of Delaware, Delaware 19716.
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but the relatively low sensitivity of the technique limits
utility to high solute concentrations. Therefore, it is impor
to develop methodologies that increase NMR sensitivit
SCFs. One of the techniques which has the potential to pro
large enhancements of the NMR signal in SCFs is dyn
nuclear polarization (DNP), and in this communication
report the first DNP results obtained in supercritical ethyl

DYNAMIC NUCLEAR POLARIZATION

Extensive reviews of the DNP phenomenon have been
lished elsewhere (10–21). DNP can be applied to materia
containing both magnetic nuclei and unpaired electron
polarization transfer between the two spin systems ca
achieved by irradiating at or near the electron Larmor
quencyve, resulting in enhanced nuclear polarization. Sev
mechanisms can contribute to the DNP effect, dependin
the type and time dependence of the electron–nuclear in
tions governing the polarization transfer. In solids, where
interactions often have a nonzero static component, the
enhancement arises from the so-called solid state and th
mixing effects. In both cases the enhancement curve, i.e
nuclear signal enhancement factor as a function of the ir
ation frequency, is anti-symmetric aboutve. In liquids the
molecular motions render the electron–nuclear interac
time-dependent, and the polarization transfer is governe
the Overhauser effect (22). The enhancement curve, wh
eflects the (saturated) EPR line, is often symmetric abouve.

Theory suggests that large signal enhancements ca
achieved with maximum enhancement factors bounded b
ratio of the gyromagnetic ratios of the electron and the ta
nucleus, e.g., 660 for protons, 2600 for13C, and 6500 for15N.
In practice the theoretical maximum enhancement factor
often reduced for a variety of reasons, but enhancement fa
of 1–2 orders of magnitude have been observed, and
obvious that DNP has the potential for increasing the N
sensitivity significantly.

In case the EPR spectrum consists of a single line
Overhauser enhancementEOV is given by (12, 14, 16, 18, 20)

EOV 5 1 2 rfsugeu/gn. [1]
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The parameterf is the leakage factor, given byf 5 1 2 T1/T10,
whereT1 andT10 are the nuclear spin-lattice relaxation time
he presence and absence of the radicals, respectively;s is the
aturation factor, given bys 5 1 2 Pe/Peo, wherePe andPeo

are the electron polarizations in the presence and absence
irradiation field, respectively; andge and gn are the electro
and nuclear gyromagnetic ratios. The maximum values off and
s are unity. Furthermore, the parameterr in Eq. [1] is the
coupling factor, determined by the strengths of the elect
nuclear dipolar and scalar interactions and by the spe
density functionsJD(v) andJs(v) characterizing the time d-
pendence in these interactions. Using the fact that the ele
Larmor frequencyve is much larger than the nuclear Larm
frequencyvn, the coupling factor can be written as (14, 16)

r 5 $ fD~vetcD! 2 Kfs~vetcs!%/

$1.4fD~vetcD! 1 0.6fD~vntcD! 1 Kfs~vetcs!%, [2]

fD(vtcD) 5 JD(vtcD)/JD(v 5 0) andf s(vtcs) 5 Js(vtcs)/Js(v 5
0) are the reduced spectral density functions associated
the dipolar and scalar interactions, respectively, andK de-
cribes the magnitude of the scalar interactions relative t
ipolar interactions. The parameterstcD andtcs are the corre-

ation times characterizing the time dependence in the di
nd scalar interactions, respectively.
It follows from Eq. [1] that the value ofr that can b

obtained depends on both the relative strengths of the d
and scalar interactions and the corresponding spectral d
functions. In the extreme narrowing case, wherevtcD, vtcs !

, r varies between21 for pure scalar interactions and11
2 for

pure dipolar interactions. Hence for nuclei with a positivegn

value the maximum value of EOV 2 1 varies between1ugeu/gn

and20.5ugeu/gn. The spectral density functions depend on
details of the molecular motions that render the elect
nuclear interactions time dependent. Examples of such mo
are the translational and rotational diffusion of the liquid m
ecules, rotations of possible liquid–radical complexes, inel
and elastic collisions between the liquid and radical molec
and, in case nondissolved solid radicals are used, exc
effects on the liquid/solid interfaces (12, 14, 16, 23–26).
Which of these motions dominates in the coupling fa
depends on the electron Larmor frequencyve and, henceforth
on the value of the external field. At low frequencies, wh
vetcD, vetcs ! 1, r is dominated by the relatively slow motio
associated with the translational diffusion, exchange eff
and inelastic collisions, whereas at larger frequencies f
processes such as rotational diffusion and elastic colli
play an increasingly important role (12, 14, 16). The coupling
factor decreases more or less rapidly at larger frequen
where the extreme narrowing condition is no longer va
Under these conditions the dipolar spectral density fun
fD(vntcD) becomes the dominant term in Eq. [2]. This is-

ortant because the DNP-enhanced NMR polarization is
the
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portional to uEOVuM o, where M o is the thermal equilibrium
magnetization. Therefore, in order to obtain the maxim
DNP-enhanced NMR sensitivity, the external fieldBo should
be as large as possible. However, the frequency depende
r limits the value of the field. In liquidstc is typically of the
order of 10–100 psec at room temperature (14, 16), and the
enhancements decrease rapidly for fields above 0.03–0
However, in supercritical fluids the diffusion coefficients
be more than an order of magnitude larger than in ordi
liquids (27). Hence the correlation times associated with th
motions are reduced by the same factor, and the sam
probably true for the correlation times characterizing the el
and inelastic collisions, as it has been found that in liq
these correlation times are proportional to the translat
diffusion time (14). Therefore it can be expected that in sup
ritical fluids even in relatively large fields appreciable D
nhancements can be obtained, and it will be demonstra

his communication that this is indeed the case.
Two methods can be used to introduce unpaired elec

nto a SCF. First, if a suitable free radical will dissolve in
CF, then all SCF nuclei experience the same electron–nu

nteractions and a homogeneous enhancement occurs
pproach has been used by Dorn and co-workers (28), who

measured a proton Overhauser enhancement of2140 for ben
zene dissolved in supercritical CO2, doped with a nitroxid
radical (and this enhancement is estimated to become a
2260 fors 5 f 5 1). Second, solid free radicals can be u
which will not dissolve in the SCF or are immobilized in
solid matrix (29, 30). This method has the advantage that
radicals do not contaminate the SCF, which prevents pos
alterations of chemical processes involving SCFs. Moreov
facilitates the transport of the polarized SCF molecules to
outside the microwave region, as the relaxation times o
nuclei in these molecules are no longer shortened by
radicals. In liquids this approach has been used by Odintset
al. (24–26) for a low-field DNP investigation on aqueous c
suspensions, and by Dornet al. (29, 30) to perform NMR
spectroscopy at a larger field than that used for DNP. Whe
radicals are present as a solid, DNP is governed by interac
between the SCF nuclei and the unpaired electrons at o
the solid/fluid interface, rendered time-dependent by mole
motions similar to those of dissolved radicals. Henceforth
DNP enhancement of the nuclei close to the radicals shou
similar to that in the case of dissolved radicals, provided
the strengths of the various interactions are the same in
cases.

In this communication the second approach has been
1H DNP results are reported in supercritical ethylene in
presence of the powdered form of the stable free radica
bisdiphenylene-2-phenyl allyl (BDPA), obtained from Aldri
This free radical is essentially insoluble in ethylene. Ethy
was chosen mainly because of its strong1H NMR signal and
low critical temperature and pressure (282.4 K and 50.4
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respectively), which enabled us to carry out experimen
ambient temperatures and relatively low pressures.

EXPERIMENTAL

The DNP-NMR spectrometer employed in this study
developed and placed at the University of Utah. It operat
a field of 1.4 T, corresponding to electron and1H Larmor
frequencies of 40 GHz and 60 MHz, respectively. The s
trometer utilizes a Chemagnetics CMX-100 console an
horizontal magnet from Magnex, with a clear bore size o
cm. Microwave irradiation is achieved with a Wiltron mic
wave frequency synthesizer, model 68263B, and a 10 W
Traveling Wave Tube amplifier (Logimetrics model A4
KA). Figure 1 shows a sketch of the DNP-NMR probe use
the experiments. The probe is home-built, and is capab
performing DNP-NMR on static samples with volumes up
0.5 ml. This setup is a variant of previous designs (17, 18). The

icrowave irradiation is obtained using a combination
ylindrical horn antenna with a diameter of 10 mm an
oveable reflector. The NMR coil has the same diameter a
orn opening, and is placed with its axis coincident with tha

he horn antenna. In this way shielding of the microwave
he NMR coil is avoided (31). With this design it is estimate
hat the 10 W incident microwave power produces a m
ave field in the sample of about 0.04 mT (rotating com
ent). The probe is equipped with two modulation coils, c
ected (via a home-built power amplifier) to a SR850 D

ock-in amplifier from Stanford Research Systems. This
ombination with the microwave frequency sweep, mak
ossible to perform c.w. first-derivative 40 GHz EPR.
For DNP-NMR measurements on SCFs, high-pressure

uch as fused silica capillary tubing (32) or single-crysta
apphire tubes (33), which are transparent for the microwav
eed to be employed. In the experiments reported in
ommunication a single-crystal sapphire tube was used

FIG. 1. Sketch of the DNP/NMR probe. The reflector can be mo
forward and backward relative to the horn antenna via a rotating gear
screw-type mechanism. In this way the microwave field at the location o
sample can be maximized.
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hicon, Inc., Milford, NH) with an OD of 5 mm and a w
hickness of 1.5 mm, glued into a titanium holder, whic
onnected to a high-pressure pump (ISCO Model 260D sy
ump) via a 1/16-in. stainless steel capillary (33). The sapphir
ell can support pressures up to 600 bar at room temper
ell above the critical pressure of ethylene. As the lengt

he cell exceeds the available distance between the horn
ng and the reflector, it was mounted with its axis perpendic
o that of the NMR coil by inserting it into a 5-mm gap in
iddle of the coil (see Fig. 1). A disadvantage of this setu

hat the filling factor of the coil is rather small, which redu
he NMR sensitivity. This situation can be improved con
rably by using a saddle coil mounted around the pressure
owever, this approach was not pursued for the initial D
easurements, because this would have required a ma
esign of the probe layout, and because with the used co
ration the NMR sensitivity was sufficiently large to meas

he DNP enhancement factors accurately.
For the DNP experiments about 4 mg of powdered BD
as placed in the sapphire tube and, by shaking the tube,
f the powder was displaced into the DNP/NMR area of

ube. The cell was inserted into the DNP probe, connect
he high pressure pump, and flushed several times with e
ne gas before the ethylene was pressurized. From a

nspection of the sample in the pressurized tube it was
luded that little if any of the BDPA is dissolved in t
thylene (based on the lack of any discoloration of the liq
hen the pressure is below 100 bar, and that most o
owder was attached to the wall of the sapphire tube. Whe
ressure exceeds 100 bar the SCF slowly becomes sl
olored as the solubility of the BDPA increases with press
urther, BDPA particles were not observed to be suspend

he SCF, probably a result of the low ethylene density (34).
Despite the rather rudimentary experimental setup the r

ucibility of the results is reasonable. In duplicate experim
he maximum DNP enhancements varied by approxim
0% (probably resulting from varying amounts of BDPA in
NP/NMR region of the tube), but the trends in the enha
ent factors as a function of pressure were very similar
easurements were performed at room temperature.

RESULTS AND DISCUSSION

EPR

Figure 2 shows the 40 GHz EPR spectrum of BDPA
absence of the ethylene. A single line with a width of 4.8 M
(FWHM), which is slightly asymmetric as a result of an
isotropy in the g-factor, is observed. Similar spectra w
obtained in the presence of ethylene at all pressures consi
which is another indication that the BDPA radical is
dissolving into the ethylene. The narrow linewidth is the s
as that observed in pure BDPA and is a result of elect

a
e
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electron spin exchange narrowing, which becomes signifi
when the concentration of unpaired electrons is high (10, 35).

1H NMR

In Fig. 3 the proton spectrum of supercritical ethylene w
BDPA introduced into the cell is compared with a sampl
which no free radical was present. Despite the rather b
lines due to the limited shimming capabilities of the magne
can be seen that the presence of BDPA induces two more
into the ethylene spectrum, located at 6.9 and 3.7 ppm. T
new resonance frequencies are probably caused by loca
inhomogeneities created by the presence of the solid BDP
the sapphire tube. Although both theT1 values and the max-
mum DNP enhancement factors differ by about 10–30%
the different peaks, the poor spectral resolution prevents p
determination of these parameters for the individual line
the following paragraph, only average values obtained from
integrated line intensities will be discussed.

1H DNP

Figures 4A and 4B show the enhancement curve, i.e
DNP enhancement factor minus unity,E 2 1, as a function o
the microwave frequency, obtained at 200 bar. A relati

FIG. 2. EPR first derivative spectrum and its integral of BDPA obse
at 40 GHz.

FIG. 3. Proton spectra of supercritical ethylene obtained at 60 ba
26°C (A) without BDPA; (B) in the presence of BDPA. Both spectra w
obtained with four scans.
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large and positive Overhauser enhancement is measured
cating that the positive enhancement due to proton–ele
scalar interactions dominates the negative enhancement
ing from the dipolar interactions. This is unusual for pro
DNP, where scalar interactions can usually be neglected20).

owever, this observation is consistent with recent DNP m
urements of water protons in an aqueous suspension
ardwood char, where positive Overhauser enhancements
bserved by Odintsovet al. on the sample at temperatu
bove 315 K (24–26). Figure 4B shows the Overhauser par

he enhancement curve, which reflects the saturated EPR
rum. The width of this curve is about 3.5 MHz, which
maller than that of the unsaturated EPR line, cf. Fig. 2. H
he EPR line becomes narrower under saturation, which o
n solid materials when the spin-lattice relaxation time of
lectron dipolar system is comparable to the electron Ze
elaxation time (13).

It follows from Fig. 4A that a component of the enhan
ent curve is anti-symmetrical about the electron Lar

requency, with maxima and minima observed in the frequ
ange corresponding to the solid state and thermal m
onditions. This observation indicates that part of the ethy
s adsorbed at the surface for a time long compared to
nverse of electron–nuclear dipolar coupling strengths, re
ng in a nonzero static component (a similar result was
erved in water adsorbed on sucrose chars (36)). It is worth

d

d

FIG. 4. The 1H DNP enhancement curve obtained on supercritical e-
ene at 200 bar and 26°C. (A) the full enhancement curve; (B) the Overh
part of the enhancement curve.
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noting that the shape of the anti-symmetrical part of the
hancement curve at (absolute) microwave offset freque
larger than 60 MHz (the proton Larmor frequency) refl
one-half of the unsaturated EPR line of the unpaired elec
contributing to the solid state effect (18, 19). It can be deter
mined from Fig. 4 that the width of this line is about 28 M
(FWHM), considerably larger than the measured EPR
width of 4.8 MHz. Apparently for the fraction of the unpair
electrons responsible for the solid state and thermal m
enhancements the electron–electron spin-exchange in
tions are quenched, perhaps as a result of a decreased d
ization in the electron density when an ethylene molecu
adsorbed on a BDPA molecule. Within the uncertainty
posed by the signal-to-noise ratio this broad component
not observed in the EPR measurement, indicating tha
fraction of unpaired electrons possessing this linesha
small.

Table 1 gives Overhauser enhancement factors measu
60, 200, and 300 bar. At all pressures the Overhauser eff
positive, which means that the scalar proton–electron int
tions dominate the DNP mechanism. Substantial enhance
of 12–17 are observed, slightly increasing at higher press
It is also worth noting that at 45 bar, where the ethylene
the gas phase, a positive enhancement of 13 was measu

In order to determine the maximum Overhauser enha
ment that can be expected in our present setup, bot
saturation factors and the leakage factorf must be known, c
Eq. [1]. The saturation factors was determined by measuri
1/(EOV 2 1) as a function of 1/P, whereP is the microwav
power. A linear correlation between 1/(EOV 2 1) and 1/P was
found. By extrapolating the curve to infinite microwave pow
a maximum DNP enhancement factor, (EOV 2 1)`, was ob-
ained, ands is given bys 5 (EOV 2 1)max/(EOV 2 1)`, where
(EOV 2 1)max denotes the DNP enhancement at maxim
available microwave power. A value ofs 5 0.6 6 0.1 was
determined. In order to determine the leakage factor, thT1

TABLE 1
The 1H DNP Enhancement Factor and the Longitudinal Relax-

tion Times of Supercritical Ethylene Measured at 60, 200, and
00 Bar

ressure
(bar)

EOV

exp
T1

(sec)
(T1o)A

(sec) f
(EOV)o

s 5 f 5 1
(T1o)B

(sec)

60 11.9 8.3 13 0.36 55 25
200 15.8 9.0 25 0.64 41 29
300 17.1 8.3 22 0.62 46 32

Note. EOV is the Overhauser enhancement of the integrated signal, obs
ith an incident microwave power of 10 W;T1 is the relaxation time o

ethylene in the presence of BDPA; (T1o)A is the relaxation time of ethylene
he absence of BDPA;f is the leakage factor, given byf 5 1 2 T1/(T1o)A;
(EOV)o is the Overhauser enhancement calculated forf 5 s 5 1, usings 5 0.6

t maximum power; (T1o)B is the relaxation time in the absence of BDPA in
apphire tube with the plug inserted into the tube.
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values of ethylene in the presence and absence of the B
were measured, using the saturation recovery method. I
observed that the relaxation in the presence of BDPA
slightly nonexponential, which is presumably a result of
heterogeneous distribution of the BDPA in the sample.
simplicity the T1 values were estimated fromT1 5 t 1/ 2/ln 2,
wheret 1/ 2 is the time it takes for the magnetization to reach
its thermal equilibrium value. TheT1 values and the leaka
factors are given in Table 1, where also the Overhause
hancements are given fors 5 f 5 1. It follows that enhance
ments of 40–55 can be expected ifs and f can be increased

Several unknowns make it impossible in the present sta
the investigations to further analyze the results in a quantit
way: (i) the factorK in Eq. [2], which determines the relati
contribution of the negative Overhauser enhancement d
electron–nuclear dipolar interactions and the positive enh
ment due to the scalar interactions; (ii) the correlation ti
and the spectral density functions governing the various t
in Eq. [2]; and (iii) the fraction of ethylene molecules int
acting with the unpaired electrons at the BDPA surface. Th
fore we confine ourselves to remarking that the ultimate
hancements of 40–55 that can be expected in the rela
large field of 1.4 T are rather impressive, given that the a
enhancement due to the scalar interactions only may be
siderably larger than observed, as it is in part compensate
by the negative enhancement arising from the dipolar int
tions. Moreover, the measured overall DNP enhanceme
probably reduced because only part of the ethylene is inte
ing with the BDPA, see below. Therefore the results ca
regarded as a strong indicator that indeed the fast mole
motions in supercritical fluids result in large Overhauser
hancements, even in larger external fields. This also fol
from a comparison of our results with DNP results obtaine
liquids: For the DNP measurements on the aqueous cha
pensions, which were performed in a low field (11.7 m
(24–26), enhancement factors similar to those reported
were found on SCFs at 1.4 T. Moreover, although for rad
dissolved in organic liquids proton Overhauser enhancem
have been observed at 1.4 T similar to those given
(12, 14, 16), it should be noted that in these cases pos
enhancement reductions due to competing scalar and d
interactions and/or small fractions of interacting nuclei do
play a role.

CONCLUSIONS

It has been shown that it is possible to enhance the N
signals of supercritical fluids substantially with the DNP te
nique, even in (for DNP) a relatively large field of 1.4
Therefore, this technique has significant potential for stud
catalytic and other chemical processes utilizing these fl
Moreover, by inserting gradient coils into the probe, D
NMR might also be used to improve measurements of the
and diffusion properties of a SCF. Such experiments cou

ed
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used to study the penetration of SCFs in porous media a
image the distribution of SCFs in such media with an enha
spatial resolution.

Although the initial results reported in this communica
are encouraging, it should be emphasized that the obt
enhancement factors should be regarded as minimum v
and that several improvements of the experimental setu
possible which may further increase the observed enhanc
factors: (1) The saturation factors can be increased by enha
ing the microwave field amplitude, e.g., by positioning the h
antenna and the reflector closer to the sapphire tube. Th
be realized by employing a saddle coil around the sam
which should also increase the filling factor and, hencef
the NMR sensitivity. (2) The leakage factorf can be increase

y enhancing the amount of ethylene molecules at the B
urface area. This can be achieved, e.g., by flowing the e
ne through a tube stacked with BDPA. (3) The coupling fa
an be increased by flowing the ethylene in a controlled
ver the BDPA. In this way the flow can be optimized
aximum electron–proton contact interactions, and this
roach has the additional advantage that the DNP exper
an be separated from the NMR measurements. This c
chieved by pumping the SCF from the DNP area into
MR coil, which can be located outside the microwave de
sed for DNP. In this way both the DNP and NMR setups
e optimized separately, and it also provides the possibili
erforming NMR spectroscopy at a higher field than the D
xperiments, which further increases the NMR sensitivit
ell as the spectral resolution (29, 30). (4) The radicals can b

mmobilized in a solid matrix, e.g., by embedding the radi
n a solid such as silica gel (30). This eliminates a possib
egative Overhauser enhancement due to dissolved rad
hich counteract the positive enhancement occurring a
uid/solid interface. (5) The molecular exchange at the bo
ries of the DNP/NMR region can be decreased. Due to

hermal motions an exchange occurs between the eth
olecules containing polarized protons with the unpolar
olecules outside the microwave area and the NMR coil33),
hich decreases the apparent observed Overhauser en
ent factors. That this effect cannot be neglected is illust
y theT1 values obtained when a plug was used to confin

ethylene to the sample area. These values are also giv
Table 1, and it follows that without the plug the molecu
exchange results in a considerable shortening of the app
T1 values. The DNP enhancement factors were also mea
when a plug was inserted into the sapphire tube. Howev
contrast to expectations it was found that with this plug in p
the Overhauser enhancement was reduced by almost an
of magnitude. This indicates that without the plug macrosc
motions such as thermal convection resulting from, e.g., s
temperature gradients probably occur, which increases th
change of ethylene at the surface with the surrounding e
ene. This exchange increases the fraction of ethylene in
tion with the BDPA, resulting in an increased overall D
to
ed

ed
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re
ent

n
an
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nt
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enhancement. This problem can be solved using a flow sy
where the ethylene is transported through a tube with sta
immobilized BDPA and placed within the microwave regio
a confined area surrounded by the NMR coil.

It is worth noting that these improvements will make
possible to improve the quantitative analysis of the DNP re
as well. However, for a complete analysis more param
need to be measured, namely the factorK in Eq. [2], deter
mining the relative strengths of the dipolar and scalar inte
tions and the various spectral density functions occurrin
Eq. [2]. K can be obtained from low-field DNP measureme

here the various reduced spectral density functions occu
n Eq. [2] can be approximated by unity; and the spe
ensity functions can be determined by performing DNP
eriments in a variety of external fields.
Future investigations will focus on implementing the ins
ental improvements mentioned above. This setup wi
sed to perform comprehensive studies of the temperatur
ressure dependence of the DNP enhancements in super
uids, using both immobilized radicals and radicals that
issolve in the SCF. For these studies also the use of
ilica capillaries as a pressure cell will be explored (32), which

will make it possible to study DNP SCFs with larger criti
pressures and over a larger pressure range than is possib
the sapphire crystals.
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