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The transfer of spin polarization from laser-polarized helium and xenon to spins such as 1 H and 13C on the
surface of high-surface-area solids ~Aerosil! is demonstrated over a temperature range from 4 to 200 K. The
transfer mechanism is dipole-dipole cross relaxation between the spins of the adsorbed mobile noble gas and
the surface spins ~spin-polarization-induced nuclear Overhauser effect!. The enhancement of surface proton
magnetization by laser-polarized helium at 4 K and 10 K is between one and twofold. Using laser-polarized
xenon, enhancement factors of up to 20 were obtained when compared to the Boltzmann polarization in a field
of 4.2 T and at a temperature of 130 K. @S0163-1829~97!02917-2#

I. INTRODUCTION

The 129Xe chemical shift has been widely used to probe
the structure of microporous solids, in particular zeolites and
clathrates.1 The NMR parameters of Xe on silica surfaces
similar to those used in this study have been studied at 77 K
by Cho et al.2 The enhanced NMR sensitivity of 129Xe due
to laser polarization has had an impact in a number of areas,
among them clinical imaging, 3–5 atomic physics,6,7 and materials and surface science.8–15 The transfer of polarization
was recently demonstrated between laser-polarized 129Xe in
solution and the spins of the solvent, liquid benzene.16 The
mechanism underlying this transfer is the nuclear Overhauser
effect17,18 arising from cross relaxation between spinpolarized xenon and the solution proton spins, an effect
termed SPINOE ~spin-polarization-induced nuclear Overhauser effect!.
In this paper we describe experiments on the transfer of
spin polarization from laser-polarized noble gases to nuclear
spins on solid surfaces. Some steps in the direction of
surface-enhanced NMR have been published,9,10,13 wherein
the signal from surface 1 H spins is increased by cross polarization from laser-polarized 129Xe frozen on the surface.
This approach requires immobilization of the Xe and a lowfield mixing or Hartmann-Hahn frequency matching in the
rotating frame, a technique used for signal enhancement of
13
C NMR in solids.19 We show in the present work that the
magnetization of 1 H and 13C nuclei in differently modified
surfaces of high-surface-area solids ~Aerosil! can be enhanced in high field ~4.2 T!. This is achieved by exposing the
surfaces to spin-polarized 129Xe or 3 He gas. In contrast to
previous cross-polarization experiments, the magnetization
transfer is established by dipole-dipole cross relaxation of
0163-1829/97/55~17!/11604~7!/$10.00
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surface spins and mobile gas atoms adsorbed on the surface,
a relaxation mechanism analogous to that previously invoked
for liquid 3 He and surface spins at very low
temperatures.20,21 For one specific surface modification of
Aerosil we studied the enhancement of 1 H magnetization as
a function of temperature and Xe pressure and have measured the temperature dependence of 129Xe chemical shifts
and longitudinal relaxation rates of 129Xe and 3 He.
II. EXPERIMENTAL SETUP

The main component of the experimental setup ~Fig. 1! is
a dynamic flow cryostat ~Oxford Instruments! which is inserted in the superconducting magnet ~4.2 T!. NMR data
were acquired with a transmission line probe, operating at
180 and 45 MHz, the Larmor frequencies of 1 H and 13C at
this field. The sample is located at the bottom of an L-shaped
glass tube of 1 m in length and with an inner diameter of 6
mm, serving as a transfer line for the laser-polarized gas.
Aerosil,22 composed of silica particles with a mean diameter
of 16 nm and a surface area of 130 m 2 /g, served as the
sample. The Aerosil particles are used either uncoated,
coated with physisorbed CO 2 , or coated with PEO
~polyethylene oxide, molecular mass ' 400 000, 86 mg per
1 g of Aerosil!.
The PEO sample is evacuated at room temperature to
10 25 torr for several hours. For the experiments with the
uncoated Aerosil, the sample is heated 2 h at 280°C at
10 25 torr in order to remove physisorbed water.
The optical pumping ~OP! cell has a volume of 10 cm 3
and is filled with a small amount of Rb metal, either 80%
enriched 129Xe ~1 atm at room temperature! or 99.9% enriched 3 He ~2 atm at room temperature! and about 100–200
11 604

© 1997 The American Physical Society

55

ENHANCEMENT OF SURFACE NMR BY LASER- . . .

FIG. 1. Experimental setup for the study of SPINOE on surfaces
with spin-polarized noble gases. The optical pumping ~OP! cell,
containing the laser-polarized gas, is connected to a Pyrex glass
tube, leading down to the sample region. The sample consists of
Aerosil particles coated or uncoated with polyethylene oxide ~the
coated particles are shown schematically in the figure!. The whole
cryostat is fitted into an NMR magnet ~not shown!, providing a field
of 4.2 T at the sample. The dotted lines denote the coaxial tubes for
the radio frequency transmission.

torr of N 2 in order to quench the Rb fluorescence. The cell is
placed in a 40 G magnetic field of Helmholtz coils and
heated to 95 °C ~Xe pumping! or 190 °C ~He pumping!. The
Rb atoms are optically pumped at the wavelength ~794.8 nm!
of the Rb D 1 transition with 1 W circularly polarized light
from a Ti-sapphire laser for 20 min ~Xe! or for 60 min ~He!.
The noble gas nuclei reach spin polarizations of about 10%.
After cooling to room temperature, the optical pumping
cell is then attached to the NMR probe. Upon brief evacuation of the connecting glassware, the OP cell is then opened
to the precooled sample space.
The time evolution of the surface magnetization is monitored by applying small tipping angle pulses (10° –20°) and
recording the free induction decay.
Spin lattice relaxation rates and chemical shifts of 3 He
and 129Xe atoms on the PEO surface were obtained from
three sealed glass samples ~1.5 cm 3 in volume!, each containing 250 mg of PEO powder and filled with 2.5 atm of
3
He gas or 2.5 and 10 atm of 129Xe gas.
III. RESULTS AND DISCUSSION
A.

129

Xe chemical shift

Figure 2~a! shows the peak positions of the 129Xe NMR
spectra for the PEO sample as a function of temperature.
Three regimes of chemical shifts can be discerned, corresponding to Xe in the gas, adsorbed, and solid phases. The
chemical shifts of Xe in the gas and solid phases change little
with temperature, whereas the chemical shift of the adsorbed
phase increases from 35 ppm at T5270 K ~for the 10 atm
sample! to a maximum value of 200 ppm at T5110 K and
finally decreases to 130 ppm at T530 K.
Two possible mechanisms suggest themselves for this behavior. First, at high temperatures, the rapid exchange be-
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FIG. 2. Temperature dependence of NMR line positions and
intensity ratios of 129Xe signals in sealed PEO samples. The open
and solid symbols correspond to Xe pressures of 2.5 atm and 10
atm, respectively. ~a! 129Xe chemical shift in the PEO sample as a
function of temperature: (s) gas, (h) adsorbed, and (n) solid Xe
phases. ~b! Ratio of intensities, taken as integrals from the 129Xe
spectrum, between adsorbed to gas phase (h) and solid to adsorbed
phase (n) as a function of temperature.

tween Xe atoms in the void spaces and adsorbed on the surface of the PEO powder leads to an average value for the
measured chemical shift. The separate gas peak is present
because only the lower half part of the sample volume is
filled with powder and the gas atoms in the upper region do
not exchange rapidly with the PEO surface. As the temperature decreases, the ratio between adsorbed and gas Xe signals
rises exponentially, as indicated in Fig. 2~b!, leading to an
increase in the average value of the chemical shift. The second mechanism, also expected to lead to an increase of the
chemical shift at lower temperatures, arises from Xe-Xe interactions in the adsorbed layer which grow as the temperature decreases. At T5110 K, all the gas is adsorbed on the
30 m 2 surface area of PEO, giving an estimated Xe film
thickness of about one monolayer for the 10 atm sample.
The decrease of the chemical shift below 110 K can be
explained by the onset of xenon freezing, as indicated by the
increase of the ratio of signals from the solid and adsorbed
phases @Fig. 2~b!#.23 The crystallization of Xe atoms into
solid regions decreases the number of adsorbed xenon atoms,
thus reducing the contribution of Xe-Xe interactions to the
chemical shift of the adsorbed film. The observed maximum
chemical shift of 160 ppm for the adsorbed Xe in the 2.5 atm
sample ~open squares! is 40 ppm lower than the corresponding shift for the 10 atm sample, supporting the model of
contributions from Xe-Xe interactions to the chemical shift
of Xe in the adsorbed state.
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where v 0I and v 0S are the Larmor frequencies of the I and
S spins and r 0S is the relaxation rate in the fast motion limit
@( v 0I 6 v 0S ) 2 t 2c !1#. The relaxation rate r 0S can be expressed as

r 0S 5 34 I ~ I11 ! g 2I g 2S \ 2 t c

(i r 26
i ,

~2!

where r i is the distance between S and I i spins, g S , g I are
the corresponding magnetogyric ratios of the spins, and the
sum is taken over the I spins. The correlation time t c at the
binding sites is related to the activation energy E A and hopping rate t 21
0 as

t c 5 t 0 exp~ 2E A /kT ! .

FIG. 3. Temperature dependence of 3 He and adsorbed 129Xe
T 1 relaxation rates in sealed PEO samples. (h) 2.5 atm of 3 He,
(s) 2.5 atm of Xe, (d) 10 atm of Xe. Solid lines are drawn to
guide the eye. The inset shows fits y5a exp(2EAi /kT) with
a54.131024 s 21 , E A1 5270 meV for the high-temperature and
a54.731023 s 21 , E A2 5230 meV for the lower-temperature rising regions of the relaxation curve of the 10 atm Xe sample. A
similar type of fit for 3 He gives E A 521.4 meV.

Below 30 K the shifts of the adsorbed peak do not change
considerably with temperature and seem to be independent
of the amount of Xe, indicating that this shift is dominated
by interactions with the surface.
B. 3 He and

129

Xe relaxation

Figure 3 shows the measured T 1 relaxation rates of 3 He
and adsorbed 129Xe on the PEO surface as a function of
temperature. While the Xe relaxation rates exhibit maxima at
70 K and 110 K, the 3 He relaxation rate does not change
substantially from room temperature down to T510 K, but
increases rapidly below 10 K.
For both 3 He and 129Xe the rising relaxation rates in the
high-temperature regime of the relaxation curves can be explained by a thermally activated motion of the noble gas
atoms, leading to a modulation of the dipole-dipole coupling
between the gas atoms and the 1 H spins of the PEO surface.
The relaxation rate r S of the S spins, due to the modulation
of the dipole-dipole interaction between I ( 1 H or 13C! and
S spins ( 3 He or 129Xe!, is given by24

r S5

S

1
3
1
r 0S
2 21
10
11 ~ v 0I 2 v 0S ! t c 11 v 20S t 2c
1

6
11 ~ v 0I 1 v 0S ! 2 t 2c

D

,

~1!

~3!

The analytical function, Eq. ~1!, does not fit the measured Xe
relaxation rates over the entire temperature range. Equation
~1!, as a function of 1/T, has a characteristic maximum at the
temperature at which v 0S t c '1. It can be seen ~Fig. 3! that
the maximum in the Xe relaxation rate depends on the
amount of xenon on the PEO surface, while Eq. ~1! is independent of the number of gas atoms on the surface. This
behavior is attributed to Xe-Xe interactions, changing the
mobility of xenon on the surface. The deviations from Eq.
~1! on the low-temperature side of the maxima ~long correlation times! are possibly caused by paramagnetic impurities
and the freezing of Xe.
Thus, the activation energies E A for the motion of He and
Xe atoms on the PEO surface are determined for our data in
the short-correlation-time limit @ ( v t c ) 2 !1# of Eq. ~1!,
where r S 5 r 0S . For the 129Xe relaxation, two different regions can be observed in the temperature dependence on the
high-temperature side of the 1/T 1 data with a crossover temperature at 200 K, yielding two apparent activation energies
E A1 5270 meV (2810 K! above 200 K and E A2 5230
meV (2350 K! below 200 K. The first energy value is similar to the Xe binding energy previously measured for a glass
surface coated with Surfasil (2100 meV!.14 The second energy value is most probably related to the motion of the Xe
on the PEO surface, with E A2 5230 meV being the mean
value of the energy barrier height between trapping sites. For
T.200 K the 129Xe spin interactions with the surface spins
are modulated by the exchange of Xe atoms between surface
adsorbed states and the gas phase. For T,200 K the residence time of the Xe atoms on the surface becomes long and
the modulation mechanism for the spin interactions is the
thermally activated hopping on the surface between different
trapping sites. For 3 He the investigated temperature is not
low enough to observe the maximum in the relaxation curve
~Fig. 3!. A fit at 10 K.T.4 K results in E A 521.4 meV
(216 K!.
C. SPINOE

Figures 4–7 show the evolution of the magnetization of
surface 1 H and 13C spins after exposure of the surface to the
laser-polarized 129Xe or 3 He gas. Each point in the plots
represents the integral of the Fourier-transformed free induction decay, proportional to the instantaneous total nuclear
magnetization. The insets show the corresponding 1 H or
13
C spectra at the Boltzmann equilibrium ~positive peak! and
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FIG. 4. Evolution of the 1 H spin magnetization of PEO-coated
Aerosil130 as a function of time after exposure of the surface to
laser-polarized 129Xe. The initial Xe pressure, prior to adsorption, is
160 torr and the sample temperature is 130 K for the positive
SPINOE (d) and 125 K for the negative SPINOE (s). The inset
displays two single-shot 1 H spectra from the negative SPINOE run,
one taken at Boltzmann equilibrium for the unpolarized sample
~positive peak! and the other taken at the time t 0 , when the negative
SPINOE enhancement has reached its maximum absolute value.

after the polarized noble gas has resulted in an enhancement
of the surface magnetization. The enhanced spectra are all
shown for the times t 0 when the negative enhancement has
reached a maximum.
Figure 4 demonstrates the time evolution of the enhanced
proton magnetization of PEO with two opposite initial
129
Xe magnetizations.25 The maximum 1 H magnetization at
T5130 K is established after 15 s and is found to be 10
times the Boltzmann magnetization of the total number of
proton spins. The decay of the 1 H magnetization, after the
maximum ~minimum! has been reached, is exponential and,
according to the Solomon equations,26 is determined by the
Xe T 1 relaxation time. Decay times of 1 H magnetization are
20 s at T5130 K and 12 s at T5120 K, in accordance with
the Xe relaxation data on the PEO ~Fig. 3!. The time evolution of the increasing part of the 1 H magnetization is determined not only by the proton T 1 ~9 s in our case!, but also by
the dynamics of the adsorption process of the Xe gas on the
surface, including the thermalization of the room temperature gas on the substantially colder surface. The insets ~Figs.
4 and 5! show that in PEO the enhancement of 1 H magnetization is not uniform in the spectral domain, indicating different enhancements for different 1 H species on the surface
as well as a small unenhanced 1 H background.
In order to investigate the SPINOE of 3 He on the PEO
surface we measured the 3 He adsorption as a function of
temperature and found that the He gas begins to adsorb only
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FIG. 5. Evolution of the 1 H spin magnetization of PEO coated
Aerosil130 as a function of time after exposure of the surface to
laser-polarized 3 He. The initial He pressure ~in a volume of 40
cm 3 ), prior to adsorption, is 360 torr and the sample temperature is
10 K for the positive SPINOE (d) and 4 K for the negative
SPINOE (s). The inset displays two single-shot 1 H spectra from
the negative SPINOE run, one taken at Boltzmann equilibrium for
the unpolarized sample ~positive peak! and the other taken at the
time t 0 , when the negative SPINOE enhancement has reached its
maximum absolute value.

below 20 K and consequently an efficient SPINOE experiment can only be conducted in this temperature regime. The
plot in Fig. 5 shows the enhancement of surface 1 H magnetization with laser-polarized 3 He. The fractional enhancement @Eq. ~4!# at the extrema is 1.4 at 10 K and 21.2 at 4 K.
Note that the rate constants of the buildup and decay of the
proton magnetization at 4 K are approximately 2 times
greater than at 10 K, indicating the stronger 3 He interactions
with the surface at 4 K.
Figures 6 and 7 give examples of SPINOE from 129Xe on
surfaces other than PEO coated Aerosil. Figure 6 shows the
enhancement of the 1 H magnetization on Aerosil130. Most
of the 1 H on the surface is found22 in bound hydroxyl ~OH!
groups with an average 1 H density of 2.5 OH groups per
nm 2 . Thus, the 1 H spins on the glass occur in a single layer
and are well isolated from each other, leading to a relatively
narrow proton line compared to that of the PEO sample ~insets in Figs. 4 and 5!. The total number of 1 H spins on the
Aerosil surface is calculated to be 231019, approximately 50
times less than the corresponding number in the PEO
sample. Under these conditions a maximum enhancement of
20 is found for the 1 H magnetization.
Figure 7 demonstrates the possibility of SPINOE effects
to nuclei other than protons, such as 13C. The sample tube
containing the Aerosil300 ~300 m 2 /g surface area! was filled
with 99% 13C enriched CO 2 gas. After slowly cooling down
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FIG. 6. Negative enhancement of the 1 H spin magnetization of
surface OH-groups on Aerosil130 after exposure of the surface to
laser-polarized 129Xe. The initial Xe pressure is 160 torr and the
sample temperature is 130 K. This time, the measurement includes
several acquisitions prior to the adsorption. The inset displays two
single-shot 1 H spectra, one taken at Boltzmann equilibrium for the
unpolarized sample ~positive peak! and the other taken at the time
t 0 , when the negative SPINOE enhancement has reached its maximum absolute value.

to T5130 K, all the CO 2 molecules are adsorbed on the 20
m 2 surface of the Aerosil powder. The amount of the gas ~5
310 20 molecules! is selected so as to form approximately
one to two monolayers of CO 2 on the Aerosil surface. In
Fig. 7 the negative SPINOE of 13C reaches a fractional en-
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FIG. 8. Absolute value of the fractional enhancement
@ I z (t 0 )2I 0 # /I 0 of PEO proton magnetization as a function of temperature and for two different initial Xe pressures: (s) 20 torr,
(d) 160 torr. The dotted lines are drawn to guide the eye.

hancement of 24. The spectra in the inset show that the
13
C linewidth of the adsorbed CO 2 molecules is 1.5 KHz
~i.e., 34 ppm!, which is much narrower than expected from
immobile adsorbed CO 2 .27 This observation, together with
the relatively short T 1 relaxation time of 1.5 s at 130 K,
indicates that the CO 2 molecules are rapidly reorienting on
the surface.
A closer look at Figs. 6 and 7 reveals that the magnetization does not quite recover to the initial value. This is not due
to saturation, because for positive SPINOE the signal is observed to remain slightly higher in the end than the equilibrium signal at the beginning. The effect may be attributed to
an ongoing exchange at the surface with polarized gas from
the large volume of the transfer tube.
D. Temperature dependence of 1 H SPINOE

FIG. 7. Negative enhancement of the 13C spin magnetization of
CO 2 on Aerosil300 after exposure of the surface to laser-polarized
129
Xe. The initial Xe pressure is 160 torr and the sample temperature is 130 K. The 13C-enriched CO 2 covers the Aerosil with one to
two monolayers. The inset displays two single-shot 13C spectra, one
taken at Boltzmann equilibrium for the unpolarized sample ~positive peak! and the other taken at the time t 0 , when the negative
SPINOE enhancement has reached its maximum absolute value.

In order to optimize the enhancement of 1 H surface magnetization of the PEO sample, we investigated the fractional
enhancement @ I z (t 0 )2I 0 # /I 0 @Eq. ~4!# of the 1 H magnetization as a function of temperature and as a function of Xe
pressure.
The initial Xe pressure in the NMR tube was varied by
expanding the polarized Xe gas from the pumping cell directly into the sample tube or by expanding it first into an
evacuated glass bulb of defined volume. The results are
shown in Fig. 8. The solid circles depict the measured fractional 1 H enhancements for an initial Xe pressure of 160 torr
in a volume of 40 cm 3 ~optical pumping cell plus sample
tube! and the open circles depict the measured fractional enhancement values for 20 torr of Xe pressure in a total volume
of 320 cm 3 . Although the total number of Xe atoms
(231020) is the same for both pressures, there are differences in the temperature dependence of the fractional enhancement. First, the maxima are shifted, and second, the
fractional SPINOE is larger at higher pressure: a factor of 10
at T5130 K for p5160 torr Xe pressure compared to a
factor of 6 at T5110 K for p520 torr.
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One explanation for the temperature shift of the maxima
in Fig. 5 is the freezing of Xe onto the glass walls of the
sample tube and the formation of solid Xe on the PEO. According to the p-T phase diagram of xenon, at 160 torr the
Xe solidification takes place at or below 150 K. This consideration is only valid in the absence of an adsorption process
on a high surface area. As indicated by the chemical shift
data for the sealed samples ~Fig. 2!, Xe solidification on the
PEO surface is observed above T550 K at 2.5 atm pressure.
However, in the sealed samples the pressure drops during the
slow cool down due to the adsorption on the high surface
area and, in addition, gas atoms are distributed evenly over
the surface as they have enough time to penetrate into microscopic pores of the powder. The situation encountered in
the SPINOE experiment is intermediate between the sealed
sample result and what is expected from the phase diagram.
The starting pressure is initially reduced in the SPINOE experiment by the adsorption to the high-surface-area powder
but the gas does not have enough time to reach all the pores
of the powder on the time scale of the SPINOE ~10 s! and
begins to freeze onto the glass walls of the sample tube and
forms solid Xe on the PEO powder, as experimentally observed by a solid peak in the NMR spectrum of 129Xe at
lower temperatures. Nevertheless, the initial pressure is important: At higher initial pressure ~160 torr! more gas is delivered to the powder, thus giving a larger SPINOE. At the
same time Xe starts to freeze at higher temperatures, thus
shifting the maximum of the SPINOE curve to higher temperature compared to the experiments performed at 20 torr of
initial pressure.
E. Cross-relaxation rates of SPINOE

In order to estimate the cross-relaxation rate s IS between
gas and surface spins, we use the Solomon equations26,28 and
derive an expression for the maximum change in polarization
normalized to the Boltzmann equilibrium magnetization of
the surface I spins:
I z ~ t 0 ! 2I 0
s IS g S S ~ S11 ! S z ~ t 0 ! 2S 0
52
,
I0
r I g I I ~ I11 !
S0

~4!

where t 0 is the time at which the magnetization of the surface I spins ( 1 H or 13C! has reached a maximum. s IS is
defined as the cross relaxation rate, r I is the autorelaxation
rate for the I spins, and I 0 and S 0 are the Boltzmann z components of the I and S spins. I z (t 0 ) and S z (t 0 ) are the polarizations at the time t 0 . The relaxation rate of the I spins can
S
21
be written as r I 5T 21
1I 1 r I , where T 1I is the autorelaxation
1
13
rate of the H ( C! spins in the absence of coupling to the
noble gas spins and r SI is the relaxation rate induced by coupling to noble gas spins. In the fast motion limit the crossrelaxation rate s IS can be related to the relaxation rate of
noble gas spins, due to interaction with surface nuclei, r IS :

s IS 5

NS I
r .
2N I S

~5!

Knowledge of the values @ S z (t 0 )2S 0 # /S 0 and
@ I z (t 0 )2I 0 # /I 0 as well as the relaxation rate r I allows a determination of the cross-relaxation rate s IS . We have measured the quantities @ S z (t 0 )2S 0 # /S 0 56000 for 129Xe ~130
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K! and @ S z (t 0 )2S 0 # /S 0 530 for 3 He ~4 K! as well as the
r I values for PEO 1 H spins ( r I 50.02 s 21 at 4 K,
r I 50.11 s 21 at 130 K! and r I 50.7 s 21 for 13C spins. The
results for the cross-relaxation rates are s IS 5131023 s 21
for 3 He- 1 H, s IS 5731024 s 21 for 129Xe- 1 H, and
s IS 5431024 s 21 for 129Xe- 13C.
In the SPINOE experiment on the PEO sample we estimate N Xe /N H5231020/102150.2. If we assume that the
main relaxation channel for the Xe spins on the surface is the
dipolar interaction with the proton spins ( r S '0.06 s 21 at
130 K, Fig. 3!, from Eq. ~5! we get s IS 5631023 s 21 . This
value is still one order of magnitude higher than deduced
from the fractional SPINOE enhancement. One reason for
the reduced cross-relaxation rate may be the presence of
other relaxation channels for the noble gas spins on the surface, such as paramagnetic impurities and chemical shift anisotropy ~for 129Xe!. Second, not all the proton spins may be
accessible to the gas spins. It is likely that Xe ~or He! atoms
do not fill all the microscopic pores of the sample on the time
scale of the SPINOE and giving a proton ‘‘background’’
signal which is not enhanced ~as can be seen from the insets
of Figs. 4 and 5!. Therefore the actual s IS is larger than
determined from the fractional SPINOE enhancement.
IV. CONCLUSIONS

We have demonstrated that laser-polarized 3 He and
Xe, adsorbed on high-surface-area silica, can be used to
transfer spin polarization to surface spins, such as 1 H and
13
C. The transfer mechanism, SPINOE, relies on the cross
relaxation between laser-polarized noble gas nuclear spins
and surface spins. The magnitude of the SPINOE depends on
the cross-relaxation rate and on the number of noble gas
spins on the surface. We have shown that with 3 He, SPINOE
is manifested below 20 K and with 129Xe it is optimal between 100 and 200 K.
The SPINOE is an alternative transfer of spin polarization
from laser-polarized gases to surface spins with no requirement for Hartmann-Hahn matching or zero-field mixing. Solidification of the noble gases is not required and consequently the SPINOE can be carried out in a continuous flow
mode and over a broader temperature range. Continuous flow
would allow signal accumulation and therefore the exploration of surfaces with fewer spins or long relaxation times, as
well as SPINOE under magic angle spinning.
129
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