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'H dynamic nuclear polarization (DNP) has been measured in
supercritical ethylene in the pressure range 60-300 bar in an
external field of 1.4 T. A single-cell sapphire tube was used as a
high-pressure cell, and powdered 1,3-bisdiphenylene-2-phenyl al-
lyl (BDPA) free radicals were added and distributed at the wall of
the cell. At all pressures the dominant DNP mechanism was a
positive Overhauser enhancement, caused by proton-electron con-
tact interactions at the fluid/solid radical interface. The observed
enhancements varied from 12 at 60 bar to 17 at 300 bar. Besides
the Overhauser enhancement, small solid state and thermal mix-
ing enhancements also were observed, indicating that part of the
ethylene was adsorbed at the radical surface for a prolonged time.
The impacts of the experimental conditions on the Overhauser
enhancement factors are discussed, and enhancements of at least
40-60 are estimated when the EPR saturation factor and the
leakage factor become maximal. These data indicate that DNP-
enhanced NMR has the potential of extending the impact of NMR
in research areas involving supercritical fluids. © 2000 Academic Press

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

INTRODUCTION

but the relatively low sensitivity of the technique limits its
utility to high solute concentrations. Therefore, it is importan
to develop methodologies that increase NMR sensitivity i
SCFs. One of the techniques which has the potential to prodt
large enhancements of the NMR signal in SCFs is dynam
nuclear polarization (DNP), and in this communication w
report the first DNP results obtained in supercritical ethylen

DYNAMIC NUCLEAR POLARIZATION

Extensive reviews of the DNP phenomenon have been pt
lished elsewherelQ—21). DNP can be applied to materials
containing both magnetic nuclei and unpaired electrons.
polarization transfer between the two spin systems can
achieved by irradiating at or near the electron Larmor fre
guencyw,, resulting in enhanced nuclear polarization. Sever
mechanisms can contribute to the DNP effect, depending
the type and time dependence of the electron—nuclear inter
tions governing the polarization transfer. In solids, where tf
interactions often have a nonzero static component, the DI
enhancement arises from the so-called solid state and thert
mixing effects. In both cases the enhancement curve, i.e., t

Supercritical fluids (SCFs) have both liquid and gas phaggclear signal enhancement factor as a function of the irra

properties, such a high density, giving it appreciable solvati
power, and a low viscosity, facilitating mass transport of so

r%ion frequency, is anti-symmetric about. In liquids the

Tnolecular motions render the electron—nuclear interactio

utes in the SCFs. Moreover, these parameters can be vaf|B¥f-dependent, and the polarization transfer is governed

over a relatively large range by adjusting the temperatu

e Overhauser effec2®). The enhancement curve, which

and/or the pressure. These properties, together with the berlEfiECts the (saturated) EPR line, is often symmetric abqut

that many SCFs such as carbon dioxide or water are safe d

r%aory suggests that large signal enhancements can

nonhazardous when depressurized, has triggered the us@@yeved with maximum enhancement factors bounded by t

SCFs in a large variety of industrial processes such as extr

tion, separation, catalysis, cleaning, and polymerizatior8|.

All these unique properties of SCFs and their environme

Latio of the gyromagnetic ratios of the electron and the targ
nucleus, e.g., 660 for protons, 2600 f&€, and 6500 for°N.
I practice the theoretical maximum enhancement factors &

tally significant applications make it important to understar@ftén reduced for a variety of reasons, but enhancement fact

these fluids as well as the processes involving SCFs in detdl.
NMR has been used to investigate the properties of SGfs (©

' To whom correspondence should be addressed. E-mail: robert.win

pnl.gov.

fi 1-2 orders of magnitude have been observed, and it
bvious that DNP has the potential for increasing the NMI
sensitivity significantly.

In case the EPR spectrum consists of a single line, tl

d(?%/erhauser enhancemdsg, is given by (2, 14, 16, 18, 2D
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The parametefris the leakage factor, given lfy= 1 — T,/T,,, portional to |Eqy|M,, where M, is the thermal equilibrium
whereT, andT, are the nuclear spin-lattice relaxation times imagnetization. Therefore, in order to obtain the maximur

the presence and absence of the radicals, respect&/islythe DNP-enhanced NMR sensitivity, the external fi@d should
saturation factor, given by = 1 — PJ/P.,, whereP. andP., be as large as possible. However, the frequency dependenc:

are the electron polarizations in the presence and absence ofghienits the value of the field. In liquids, is typically of the

irradiation field, respectively; ang. and vy, are the electron order of 10—-100 psec at room temperatutd, (1§, and the
and nuclear gyromagnetic ratios. The maximum valuésaofl enhancements decrease rapidly for fields above 0.03-0.3
s are unity. Furthermore, the parameterin Eq. [1] is the However, in supercritical fluids the diffusion coefficients cat
coupling factor, determined by the strengths of the electrofe more than an order of magnitude larger than in ordina
nuclear dipolar and scalar interactions and by the spectfguids (27). Hence the correlation times associated with thes
density functionslp(w) andJ{(w) characterizing the time ée motions are reduced by the same factor, and the same
pendence in these interactions. Using the fact that the electigBhably true for the correlation times characterizing the elast
Larmor frequencyw. is much larger than the nuclear Larmoing inelastic collisions, as it has been found that in liquid
frequencya,, the coupling factor can be written ab4 1  these correlation times are proportional to the translation
diffusion time (L4). Therefore it can be expected that in super
p = {fp(werep) — Kf(weTed H critical fluids even in relatively large fields appreciable DNF
enhancements can be obtained, and it will be demonstratec

{1.4fp(wetep) + 0.6p(@nTeo) + Kis(wered}, 2] this communication that this is indeed the case.

Two methods can be used to introduce unpaired electro
into a SCF. First, if a suitable free radical will dissolve in the
F, then all SCF nuclei experience the same electron—nucl
nteractions and a homogeneous enhancement occurs. T

Eproach has been used by Dorn and co-work2gs, (vho

rgeasured a proton Overhauser enhancementld0 for ben-

zerne dissolved in supercritical GOdoped with a nitroxide

fD(('OTCD) = ‘]D((‘H-CD)/JD((’J = 0) andfs(chS) = JS(chs)/JS(w =
0) are the reduced spectral density functions associated
the dipolar and scalar interactions, respectively, &ndle-
scribes the magnitude of the scalar interactions relative to t
dipolar interactions. The parameterg and ., are the corre

lation times characterizing the time dependence in the dipo

and scalar interactions, respectively. . . . .
It follows from Eq. [1] that the value op that can be radical (and this enhancement is estimated to become at le
' —260 fors = f = 1). Second, solid free radicals can be use

obtained depends on both the relative strengths of the dipolar. . . . ) - .

. . . w%u:h will not dissolve in the SCF or are immobilized in a
and scalar interactions and the corresponding spectral densi Y’d trix 09 30. Thi thod has the advant that th
functions. In the extreme narrowing case, where,, ot < SO I matrix €9, 30. IS method has e_a vantage tha .
1, p varies between-1 for pure scalar interactions arie for radlcal_s do not con_tamlnate the S_CF, whlch prevents possil
pure dipolar interactions. Hence for nuclei with a positiye alte_r_atlons of chemical processes |_nvolvmg SCFs. Moreover,
value the maximum value of & — 1 varies betweert |y.//y, faC|I|-tates the t.ransport of th.e polarized SCF mplecgles to are
and —0.5y.//y,. The spectral density functions depend on th%utsuj-e. the microwave region, as the relaxation times of tt
details of the molecular motions that render the electrofUClei in these molecules are no longer shortened by t
nuclear interactions time dependent. Examples of such motigAdicals. In liquids this approach has been used by Odirgsov
are the translational and rotational diffusion of the liquid mo@!- (24—28 for a low-field DNP investigation on aqueous chal
ecules, rotations of possible liquid—radical complexes, inelasiidSPensions, and by Doret al. (29, 30 to perform NMR
and elastic collisions between the liquid and radical moleculé®ectroscopy at a larger field than that used for DNP. When t
and, in case nondissolved solid radicals are used, exchaf@fdcals are present as a solid, DNP is governed by interactic
effects on the liquid/solid interfaces1Z, 14, 16, 23-26 between the SCF nuclei and the unpaired electrons at or n
Which of these motions dominates in the coupling factdpe solid/fluid interface, rendered time-dependent by molecul
depends on the electron Larmor frequem)and' henceforth, motions similar to those of dissolved radicals. Henceforth tf
on the value of the external field. At low frequencies, whef@NP enhancement of the nuclei close to the radicals should
WeTen, WeTes < 1, p is dominated by the relatively slow motionssimilar to that in the case of dissolved radicals, provided th:
associated with the translational diffusion, exchange effect8e strengths of the various interactions are the same in b
and inelastic collisions, whereas at larger frequencies fas@&ses.
processes such as rotational diffusion and elastic collisiongn this communication the second approach has been us
play an increasingly important rold2, 14, 16. The coupling ‘H DNP results are reported in supercritical ethylene in th
factor decreases more or less rapidly at larger frequencipggsence of the powdered form of the stable free radical 1,
where the extreme narrowing condition is no longer validhisdiphenylene-2-phenyl allyl (BDPA), obtained from Aldrich.
Under these conditions the dipolar spectral density functidris free radical is essentially insoluble in ethylene. Ethylen
fo(waTep) becomes the dominant term in Eq. [2]. This is-imwas chosen mainly because of its strdhgNMR signal and
portant because the DNP-enhanced NMR polarization is piow critical temperature and pressure (282.4 K and 50.4 bz
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—_ phicon, Inc., Milford, NH) with an OD of 5 mm and a wall
thickness of 1.5 mm, glued into a titanium holder, which i
connected to a high-pressure pump (ISCO Model 260D syrin

Reflector

Sapphire cell Ethylene

pump) via a 1/16-in. stainless steel capillaBg) The sapphire
B \ ° o \ cell can support pressures up to 600 bar at room temperatt
—_— 07 /y// well above the critical pressure of ethylene. As the length «
5 —~—o the cell exceeds the available distance between the horn op
NMR coil —""g ing and the reflector, it was mounted with its axis perpendicul:
Horn antenna BDPA to that of the NMR caoil by inserting it into a 5-mm gap in the
powder middle of the coil (see Fig. 1). A disadvantage of this setup |

MicrowavF guide

. that the filling factor of the coil is rather small, which reduce:

the NMR sensitivity. This situation can be improved consid
erably by using a saddle coil mounted around the pressure ¢
f F'G-dl- dst"‘etih Ofdthel DNP/N":']R hpmbe- The reflector can be movego\yever, this approach was not pursued for the initial DN
orward an ackward relative to the horn antenna via a rotating gear an . . .

screw-type mechanism. In this way the microwave field at the location of tr?ae?‘suremems' because this would have r.equwed a major
sample can be maximized. esign of the probe layout, and because with the used conf
uration the NMR sensitivity was sufficiently large to measur

the DNP enhancement factors accurately.
respectively), which enabled us to carry out experiments atFor the DNP experiments about 4 mg of powdered BDP.

ambient temperatures and relatively low pressures. was placed in the sapphire tube and, by shaking the tube, m
of the powder was displaced into the DNP/NMR area of th
EXPERIMENTAL tube. The cell was inserted into the DNP probe, connected

the high pressure pump, and flushed several times with eth
The DNP-NMR spectrometer employed in this study wasne gas before the ethylene was pressurized. From a vis
developed and placed at the University of Utah. It operatesiaspection of the sample in the pressurized tube it was co
a field of 1.4 T, corresponding to electron afid Larmor cluded that little if any of the BDPA is dissolved in the
frequencies of 40 GHz and 60 MHz, respectively. The speethylene (based on the lack of any discoloration of the liquic
trometer utilizes a Chemagnetics CMX-100 console andwahen the pressure is below 100 bar, and that most of tl
horizontal magnet from Magnex, with a clear bore size of 22owder was attached to the wall of the sapphire tube. When t
cm. Microwave irradiation is achieved with a Wiltron micropressure exceeds 100 bar the SCF slowly becomes sligh
wave frequency synthesizer, model 68263B, and a 10 W c.@alored as the solubility of the BDPA increases with pressur
Traveling Wave Tube amplifier (Logimetrics model A400Further, BDPA particles were not observed to be suspended
KA). Figure 1 shows a sketch of the DNP-NMR probe used ithe SCF, probably a result of the low ethylene dens3g).(
the experiments. The probe is home-built, and is capable ofDespite the rather rudimentary experimental setup the rep
performing DNP-NMR on static samples with volumes up tducibility of the results is reasonable. In duplicate experimen
0.5 ml. This setup is a variant of previous desigh, (18. The the maximum DNP enhancements varied by approximate
microwave irradiation is obtained using a combination of 30% (probably resulting from varying amounts of BDPA in the
cylindrical horn antenna with a diameter of 10 mm and BNP/NMR region of the tube), but the trends in the enhanc
moveable reflector. The NMR coil has the same diameter as thent factors as a function of pressure were very similar. A
horn opening, and is placed with its axis coincident with that eheasurements were performed at room temperature.
the horn antenna. In this way shielding of the microwaves by
the NMR coil is avoided31). With this design it is estimated
that the 10 W incident microwave power produces a micro- RESULTS AND DISCUSSION
wave field in the sample of about 0.04 mT (rotating compo-
nent). The probe is equipped with two modulation coils, cofepr
nected (via a home-built power amplifier) to a SR850 DSP
lock-in amplifier from Stanford Research Systems. This, in Figure 2 shows the 40 GHz EPR spectrum of BDPA i
combination with the microwave frequency sweep, makesabsence of the ethylene. A single line with a width of 4.8 MH:
possible to perform c.w. first-derivative 40 GHz EPR. (FWHM), which is slightly asymmetric as a result of an an:
For DNP-NMR measurements on SCFs, high-pressure cafistropy in the g-factor, is observed. Similar spectra wer
such as fused silica capillary tubin®2) or single-crystal obtained in the presence of ethylene at all pressures considel
sapphire tubes3@), which are transparent for the microwaveswhich is another indication that the BDPA radical is no
need to be employed. In the experiments reported in thigssolving into the ethylene. The narrow linewidth is the sam
communication a single-crystal sapphire tube was used (Sap-that observed in pure BDPA and is a result of electror



236 COMMUNICATIONS

151 . A
E-1 .
10—
5|
FIG. 2. EPR first derivative spectrum and its integral of BDPA observed .
at 40 GHz. 0 et I ‘1 I !
39.0 39.1 397
Frequency (GHz)

electron spin exchange narrowing, which becomes significant 5[
when the concentration of unpaired electrons is high 85. 150 .

B
‘H NMR E-1

In Fig. 3 the proton spectrum of supercritical ethylene with 19—
BDPA introduced into the cell is compared with a sample in .
which no free radical was present. Despite the rather broad !
lines due to the limited shimming capabilities of the magnet, it S N

can be seen that the presence of BDPA induces two more peaks 3 :

into the ethylene spectrum, located at 6.9 and 3.7 ppm. These MT'"""’"""’” [ | |
new resonance frequencies are probably caused by local field 39.12 39.13 WAL 3915
inhomogeneities created by the presence of the solid BDPA in Frequency (GHz)

the sapphire tube. Although both tiig values and the maxi 5L

mum DNP enhancement factors differ by about 10-30% forgig 4. The 'H DNP enhancement curve obtained on supercritical ethyl
the different peaks, the poor spectral resolution prevents proges at 200 bar and 26°C. (A) the full enhancement curve; (B) the Overhau:
determination of these parameters for the individual lines. part of the enhancement curve.

the following paragraph, only average values obtained from the

integrated line intensities will be discussed. large and positive Overhauser enhancement is measured, ir
. cating that the positive enhancement due to proton—electr
H DNP scalar interactions dominates the negative enhancement res

Figures 4A and 4B show the enhancement curve, i.e., t@ from the dipolar interactions. This is unusual for protor
DNP enhancement factor minus unify,— 1, as a function of DNP, where scalar interactions can usually be negle@éy (

the microwave frequency, obtained at 200 bar. A relativefjowever, this observation is consistent with recent DNP me
surements of water protons in an aqueous suspension o

hardwood char, where positive Overhauser enhancements w
observed by Odintsoet al. on the sample at temperatures
A above 315 K24-29. Figure 4B shows the Overhauser part o
the enhancement curve, which reflects the saturated EPR sy
trum. The width of this curve is about 3.5 MHz, which is
smaller than that of the unsaturated EPR line, cf. Fig. 2. Hen
the EPR line becomes narrower under saturation, which occ
in solid materials when the spin-lattice relaxation time of th
electron dipolar system is comparable to the electron Zeem
B relaxation time 13).

It follows from Fig. 4A that a component of the enhance
ment curve is anti-symmetrical about the electron Larmc
frequency, with maxima and minima observed in the frequen
range corresponding to the solid state and thermal mixir

| T I T I T | conditions. This observation indicates that part of the ethylel
20 10 0 ppm -10 is adsorbed at the surface for a time long compared to tl
FIG. 3. Proton spectra of supercritical ethylene obtained at 60 bar abGVerse of electron—nuclear dipolar coupling strengths, resu

26°C (A) without BDPA: (B) in the presence of BDPA. Both spectra werdd in @ nonzero static component (a similar result was ol
obtained with four scans. served in water adsorbed on sucrose chag) (It is worth
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TABLE 1 values of ethylene in the presence and absence of the BD
The 'H DNP Enhancement Factor and the Longitudinal Relax-  were measured, using the saturation recovery method. It w
ation Times of Supercritical Ethylene Measured at 60, 200, and gpserved that the relaxation in the presence of BDPA wi

300 Bar slightly nonexponential, which is presumably a result of th
heterogeneous distribution of the BDPA in the sample. F
Pressure  Eoy T, (Tio)a (Eov)o (Tios . |g heT | . d frof. = /|p2
(bar) exp (sec)  (sec) f s=f=1 (sec) SIMP |C|ty.t eT, values were estimate rof, = ty./In 2,
wheret,, is the time it takes for the magnetization to reach ha
60 11.9 8.3 13 0.36 55 25 jts thermal equilibrium value. Th&, values and the leakage
200 15.8 9.0 25 0.64 41 29 factors are given in Table 1, where also the Overhauser €
300 17.1 8.3 22 0.62 46 32

hancements are given fer= f = 1. It follows that enhance-
Note. Ey is the Overhauser enhancement of the integrated signal, obser{B§NtS of 40-55 can be expectedsiaindf can be increased.
with an incident microwave power of 10 WE, is the relaxation time of ~ Several unknowns make it impossible in the present stage
ethylene in the presence of BDPAT ), is the relaxation time of ethylene in the investigations to further analyze the results in a quantitati
the absence of BDPA is the leakage factor, given Hy= 1 — Ti/(Tw)a;  way: (i) the factorK in Eq. [2], which determines the relative
(Eov)ois the Overhauser enhancement calculated fors = 1, usings = 0.6 o qyrify jtion of the negative Overhauser enhancement due
at maximum power;T,,)s is the relaxation time in the absence of BDPA in the . . . ..
sapphire tube with the plug inserted into the tube. electron—nuclear dipolar interactions and the positive enhanc
ment due to the scalar interactions; (ii) the correlation time
and the spectral density functions governing the various terr
noting that the shape of the anti-symmetrical part of the em Eq. [2]; and (iii) the fraction of ethylene molecules inter-
hancement curve at (absolute) microwave offset frequencesing with the unpaired electrons at the BDPA surface. Ther
larger than 60 MHz (the proton Larmor frequency) reflectore we confine ourselves to remarking that the ultimate el
one-half of the unsaturated EPR line of the unpaired electramsncements of 40-55 that can be expected in the relative
contributing to the solid state effectq, 19. It can be deter- large field of 1.4 T are rather impressive, given that the actu
mined from Fig. 4 that the width of this line is about 28 MHZnhancement due to the scalar interactions only may be cc
(FWHM), considerably larger than the measured EPR linsiderably larger than observed, as it is in part compensated
width of 4.8 MHz. Apparently for the fraction of the unpairecby the negative enhancement arising from the dipolar intera
electrons responsible for the solid state and thermal mixitigns. Moreover, the measured overall DNP enhancement
enhancements the electron—electron spin-exchange intef@obably reduced because only part of the ethylene is intera
tions are quenched, perhaps as a result of a decreased delaeglwith the BDPA, see below. Therefore the results can &
ization in the electron density when an ethylene molecule riegarded as a strong indicator that indeed the fast molecu
adsorbed on a BDPA molecule. Within the uncertainty inmotions in supercritical fluids result in large Overhauser et
posed by the signal-to-noise ratio this broad component wlaancements, even in larger external fields. This also follov
not observed in the EPR measurement, indicating that tiiem a comparison of our results with DNP results obtained i
fraction of unpaired electrons possessing this lineshapeliguids: For the DNP measurements on the aqueous char s
small. pensions, which were performed in a low field (11.7 mT
Table 1 gives Overhauser enhancement factors measure(Rdt-29, enhancement factors similar to those reported he
60, 200, and 300 bar. At all pressures the Overhauser effectvsre found on SCFs at 1.4 T. Moreover, although for radica
positive, which means that the scalar proton—electron interatissolved in organic liquids proton Overhauser enhancemel
tions dominate the DNP mechanism. Substantial enhancemédrgge been observed at 1.4 T similar to those given he
of 12-17 are observed, slightly increasing at higher pressurék2, 14, 16, it should be noted that in these cases possib
It is also worth noting that at 45 bar, where the ethylene is anhancement reductions due to competing scalar and dipc
the gas phase, a positive enhancement of 13 was measuradteractions and/or small fractions of interacting nuclei do nc
In order to determine the maximum Overhauser enhangsday a role.
ment that can be expected in our present setup, both the
saturation factos and the leakage factérmust be known, cf. CONCLUSIONS
Eqg. [1]. The saturation fact@ was determined by measuring
1/(Eov — 1) as a function of I?, whereP is the microwave It has been shown that it is possible to enhance the NM
power. A linear correlation between H¢{, — 1) and 1P was signals of supercritical fluids substantially with the DNP tech
found. By extrapolating the curve to infinite microwave powenique, even in (for DNP) a relatively large field of 1.4 T.
a maximum DNP enhancement factoEo(, — 1)., was ob Therefore, this technique has significant potential for studyir
tained, ands is given bys = (Eoy — 1)mad(Eov — 1).., Where catalytic and other chemical processes utilizing these fluic
(Eov — 1)na denotes the DNP enhancement at maximuioreover, by inserting gradient coils into the probe, DNP
available microwave power. A value of= 0.6 = 0.1 was NMR might also be used to improve measurements of the flo
determined. In order to determine the leakage factor,the and diffusion properties of a SCF. Such experiments could |
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used to study the penetration of SCFs in porous media andetthancement. This problem can be solved using a flow syste
image the distribution of SCFs in such media with an enhancethere the ethylene is transported through a tube with stacke
spatial resolution. immobilized BDPA and placed within the microwave region ir
Although the initial results reported in this communicatiom confined area surrounded by the NMR coil.
are encouraging, it should be emphasized that the obtainedt is worth noting that these improvements will make it
enhancement factors should be regarded as minimum valpessible to improve the quantitative analysis of the DNP resul
and that several improvements of the experimental setup asewell. However, for a complete analysis more paramete
possible which may further increase the observed enhanceneead to be measured, namely the fadfom Eq. [2], deter-
factors: (1) The saturation factercan be increased by enhancimining the relative strengths of the dipolar and scalar intera
ing the microwave field amplitude, e.g., by positioning the hoiions and the various spectral density functions occurring |
antenna and the reflector closer to the sapphire tube. This & [2]. K can be obtained from low-field DNP measurement:
be realized by employing a saddle coil around the samplghere the various reduced spectral density functions occurri
which should also increase the filling factor and, hencefortim Eq. [2] can be approximated by unity; and the spectr:
the NMR sensitivity. (2) The leakage factbcan be increased density functions can be determined by performing DNP e
by enhancing the amount of ethylene molecules at the BDR&riments in a variety of external fields.
surface area. This can be achieved, e.g., by flowing the ethyl+uture investigations will focus on implementing the instru
ene through a tube stacked with BDPA. (3) The coupling factarental improvements mentioned above. This setup will k
can be increased by flowing the ethylene in a controlled wanged to perform comprehensive studies of the temperature ¢
over the BDPA. In this way the flow can be optimized fopressure dependence of the DNP enhancements in supercrit
maximum electron—proton contact interactions, and this afuids, using both immobilized radicals and radicals that wil
proach has the additional advantage that the DNP experimdigsolve in the SCF. For these studies also the use of fus
can be separated from the NMR measurements. This cansiiiea capillaries as a pressure cell will be explorgd)( which
achieved by pumping the SCF from the DNP area into theill make it possible to study DNP SCFs with larger critical
NMR coil, which can be located outside the microwave devigaessures and over a larger pressure range than is possible \
used for DNP. In this way both the DNP and NMR setups cahe sapphire crystals.
be optimized separately, and it also provides the possibility of
performing NMR spectroscopy at a higher field than the DNP
experiments, which further increases the NMR sensitivity as

well as the spectral resolutio29, 30. (4) The radicals can be .. o . .

. .. . . . . . Support for R. Wind's participation in the project was provided by the

immobilized in a solid matrix, e.g., by embedding the rad'c‘?"lﬁacific Northwest National Laboratory, a multiprogram laboratory operated |

in a solid such as silica geB(). This eliminates a possible Battelle Memorial Institute for the U. S. Department of Energy under Contra

negative Overhauser enhancement due to dissolved radicalsAC06_76RLO 1830. Support for the work at the University of Utah wa:

which counteract the positive enhancement occurring at tpigvided by the Japanese government (New Energy Development Organi

fluid/solid interface. (5) The molecular exchange at the bounﬁ‘jl’—”)’ the Department of Energy under Contract DE-FG-02-94ER14452 fro
. . e Division of Chemical Sciences of the Office of Basic Energy Sciences, tl

aries of the DNP/NMR region can be decreased. Due to t Alamos National Laboratory under Subcontract E90240017-23, the Ur

thermal motions an exchange occurs between the ethylgggity of Utah, and the Pacific Northwest National Laboratory under Subco

molecules containing polarized protons with the unpolarize@ct 353465-A-5E.

molecules outside the microwave area and the NMR &8, (

which decreases the apparent observed Overhauser enhance-

ment factors. That this effect cannot be neglected is illustrated

by theT, values obtained when a plug was used to confine thf T. G. Squires and M. E. Paulatis, Eds., “Supercritical Fluids,” ACS

ethylene to the sample area. These values are also given insymposium Series, Vol. 329, Am. Chem. Soc., Washington, DC

Table 1, and it follows that without the plug the molecular (1987).

exchange results in a considerable shortening of the apparentrR. w. Shaw, T. B. Brill, A. A. Clifford, C. A. Eckert, and E. U. Frank,

T, values. The DNP enhancement factors were also measuredsupercritical water: A medium for chemistry, Chem. Eng. News 69,

when a plug was inserted into the sapphire tube. However, in 26-39 (1992). ‘ _ o N

contrast to expectations it was found that with this plug in pIacé- T. W. Randolph and C. Carher_, _Free-rgdwal reactions in supercriti-

cal ethane: A probe of supercritical fluid structure, J. Phys. Chem.

the Overhauser enhancement was reduced by almost an orde56’ 5146-5151 (1992).

of magnltude. This indicates that YVIthOUt th_e plug macroscopi K. W. Hutchenson and N. R. Foster, Eds.. “Innovations in Super-

motions such as thermal convection resulting from, e.g., small ciical Fluids,” ACS Symposium Series, Vol. 608, Am. Chem. Soc.,

temperature gradients probably occur, which increases the ex-washington, DC (1995).

change of ethylene at the surface with the surrounding ethys: p. G. Jessop, T. Ikariya, and R. Noyori, Homogeneous catalysis in

ene. This exchange increases the fraction of ethylene interac-supercritical fluids, Science 269, 1065-1069 (1995).

tion with the BDPA, resulting in an increased overall DNPs6. C. A. Eckert, B. L. Knutson, and P. G. Debenetti, Supercritical fluids
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