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Enhancement of solid-state proton NMR via the spin-polarization-induced nuclear Overhauser
effect with laser-polarized xenon
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We have successfully transferred the spin polarization of laser-polaii2éel to the proton spins of solid-
stateHCI via spin polarization-induced nuclear Overhauser eff8&INOB. The key steps include mixing
the laser-polarize?*Xe gas with theHCI gas and cooling them to their condensed state in a flow system. The
solid-state nuclear magnetic resona(i#R) signal enhancement factor of 6 ff was observed, compared
with the Boltzmann polarization signal at 1.879 T and 142 K. This method may be valuable for applications in
both NMR spectroscopy and chemical physics.
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The sensitivity of the conventional nuclear magnetic reso- In this letter, we demonstrate how the polarization of hy-
nance(NMR) spectroscopy is usually lower than other de-perpolarized solid-staté?®Xe produced by SEOP can be
tection techniques, such as electron spin resoB8&) or  transferred to the proton of solid-statelCl via SPINOE.
optical spectroscopy. The main reason is the low nucleafhis method has yielded the proton signal enhancement of 6
polarization at thermal equilibrium. A number of methodstimes over the thermal polarization signal at 1.879 T and
have been developed to enhance the nuclear polariZatibn, 142 K. Although the enhancement is modest, it may be valu-

which the alternative is to use spin-exchange optical pumpable for applications in NMR spectroscopy and in chemical
ing (SEOB.? Since the nuclear spin polarizations of noble physics.

gases’He and'**Xe can be increased via SEOP by four or  The experimental setup is similar to that in Ref. 22. It
five orders of magnitude over the equilibrium Boltzmannmainly consists of an optical pumping system and a cross-
polarizations, these gases are generally referred to as “hypetelaxation and detection system. The two parts are connected
polarized” or “laser-polarized” gases. There have been inpy a cylindrical Pyrex tube and separated by stopcocks. Be-
creasing interests in the applications of these hyperpolarizefbre beginning the experiment the whole system was evacu-
gases in a wide variety of disciplinés'* ated to 1.5< 10°° Torr and kept for several hours. The cylin-

The spin polarization of the hyperpolarizéde or***Xe  drical pump cell with a volume of 600 dincontaining a few
can be further transferred to other nuclear spins. With amirops of Cs metal, was loaded with 760 Torr natural-
exception of the solid surface enhancem@niroton sensi-  abundance xenon gas at room temperature. The pump cell,
tivity enhancements are generally not significant in most explaced in a 25 G magnetic field generated by Helmholtz
periments implemented by using gaseous or liquid hyperpocoils, was afterwards maintained at approximately 333+4 K
larized xenort>-16TheH polarization has been enhanced by by a resistance heater during the optical pumping. The inner
a factor of 0.1 to 2, on a 4.2 T NMR spectrometer at roomsurfaces of the cylindrical Pyrex tube and the pump cell were
temperature, via cross-relaxation between dissolved hypetoated with silane in order to slow down the relaxation of the
polarized gaseou¥*Xe and the'H of liquid benzene. This  12%e upon collision with the tube wall. The laser light from
method has been called the SPINOE by Pines’ grdupy a 15 W cw tunable semiconductor-diode laser arf@pto
dissolving compounds in hyperpolarized liquid xenon, thepower Co. Model OPC-D015-850-FCP&t wavelength\
enhanced signal of over 45 f&d has been observed at 1.4 T =852.1 nm was used as pumping light. After passing through
and 200 K by Happer’s groufs.In Xe ice, the large nuclear the beam expander, Glan prisi/4 plate and convex lens,
polarization of hyperpolarizetf®Xe has been transferred to the laser light became circularly polarized, and illuminated
3c0o, by low-field thermal mixing:” In low magnetic fields  almost 4/5 of the pump cell volume. The direction of the
(10 G-10 mG very large SPINOE enhancement factors inlaser beam was parallel to the direction of the magnetic field.
the order of 18-1C° have been reported in organic The circularly polarized laser resonated with the sab-
liquids 11° However, to our knowledge, the solid-state pro- sorption line and induced an electron spin polarization in the
ton polarization enhancement via SPINOE has not been recs atoms via a standard optical pumping pro@eBg.spin-

ported before, excluding the surface protons of sdlitfs. exchange collision with the polarized Cs atoms, the hyper-
Considering that hydrogen chloridelCl) and xenon have polarized'?*Xe gas was produced in about 25 min.
almost the same melting poirt$and the longitudinal relax- In the cross-relaxation and detection system part, there

ation time(T,) of hyperpolarized?*Xe in solid-stat€4 K) is ~ was a liter of*HCI gas at room temperature and an atmo-
about 500 K we can first mix hyperpolarized xenon gas sphere in the HCI tank. The hyperpolariz€dXe and*HCI

andHCI at room temperature, and then rapidly freeze thenwere mixed and then transferred to a 10 mm NMR probe,
into solid. This allows the investigation of the polarization pre-cooled at 172+2 K, of a Bruker WP-80SY NMR spec-
transfer from'?*Xe to *H via SPINOE in solid state. trometer(1.879 Tesla In an evacuated glass dewar, the tem-
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perature of the probe was subsequently reduced to 142 K hyainly to Xe autorelaxation and through the Xe-SPINOE
flowing cold nitrogen gas around the NMR probe, which wasmechanism. Note also that the fitted spin relaxation time is
controlled by a Bruker variable temperature unit. We keptclose to the spin-lattice relaxation time of pure solid (é¢
this temperature with a variation less than 2 K at all the time 142 K and 1.435 TT,~ 30 min).
so that the mixture is in the solid-state. Since a polarization We also carried out proton NMR investigations to mani-
imbalance exists between the hyperpolarizée and the fest that the spin polarization could be transferred via
thermally polarized proton, a modulated magnetic dipole in-SPINOE from the hyperpolarizeéd®Xe to the proton. Figure
teraction between them will induce a spin polarization trans-(b) shows the time dependence of the solid-state proton
fer (SPINOB. NMR experiments were performed with a NMR signal(solid circle). It should be noted that the rapid
probe tuned at 80.13 MHz fdH or at 22.16 MHz fort?®e.  growth of the proton signal aft¢=0 is due to the combina-
The pulse flip angles of 4° and 9° were appliedte and  tion of two effects(1) The cross-relaxation frotf®Xe to *H
H, respectively, for acquisitions unless otherwise indicatedand the autorelaxation dH, and(2) the progressive filling

A series of SPINOE experiments witf®Xe detection was of the sample cell. However, by comparing Figbylwith
performed to check the time evolution of th&Xe NMR Fig. 1(a) att<280 s, we find that the observed fast growth
signals. Figure (g) shows the time dependence of tHéXe  rates are very similar fotH and for **Xe. Hence the fast
NMR signal intensity(solid circle observed after mixing growth of the proton signal is due mainly to the finite rate of
hyperpolarized?®Xe and*HCI. The pointt=0 is the time at filling of the cell and not to cross-relaxation. The proton
which the hyperpolarized®®Xe gas and'HCI gas became NMR signal reaches the peak value at a tigre280 s after
mixed. Each solid circle represents the integral of the NMRthe mixing, and then decays towards its thermal equilibrium
spectrum, proportional to the instantaneous tot&iXe  value(dashed lingat a rate of(33.0+1.1 min~*. Based on
nuclear magnetization inside the probe. ti¥e NMR sig- the Solomon equatiors, in the case of small cross-
nal reaches the peak valuetgt280 s, and then it relaxes relaxation rates compared with the autorelaxation, the time
back to its thermal equilibrium value at a rate of evolution of the proton NOE signals satisfies the following
(29.6+0.6 min~t. The solid line is a single exponential fit to equation’
the data after the maximum. The initial rise of thexe [(t) = A+ B(et/ Teec— gt/ Tyal). (1)
NMR signals manifests the accumulation of the hyperpolar-
ized1?*Xe in the probe, similar to that in Ref. 14. The maxi- Using Eq. (1) to fit the data[solid line in Fig. 1b)], we
mum of ?*Xe signal can be explained by the fact that thecan obtain the two time constan®,,=1.4+0.1 min and
accumulated Xe magnetization increases up to a point wherg=33.0£1.1 min. Under ideal conditions, i.e., neglect-
the absolute value of th&%Xe magnetization decay rat&;  ing the dynamics of the progressive accumulation of the
decay is equal the accumulation rate. Note that after the**Xe-*HCI mixture in the sample cell, the shortest time
maximum, the hyperpolarized Xe magnetization decays du&,, should agree with the proton spin-lattice relaxation
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FIG. 2. Single scan solid-state proton NMR

(@) Frequency (ppm) spectra oftHCI under the conditions ofa) ther-
mal equilibrium and (b) enhancement via
& 5007 SPINOE with hyperpolarized®Xe at 1.879 T
’§ 500 and 142 K, obtained with 90° pulses.
5 -
ﬁ 400-
2 300 -
a i
2 200 +
£ J
T 100
c
5 -
n 04—
T T T T T T T T T T 4 1 ! 1
120 90 60 30 0 -30 -60 -90
(b) Frequency (ppm)

time? However, because of the accumulation effect, theibrium values.oysis the cross-relaxation rate between them,
1/T,, does not provide quantitative information on the au-p; is the autorelaxation rate of thespin. In our experiments,
torelaxation rate ofH, but results in a lower limit. We did the enhancement of hyperpolarized solid-staBe magne-

not measure the proton spin-lattice relaxation time in thdization, [S(to) ~S]/ S~ S(to)/ S, was about 6008 and
presence of the hyperpolarizé®Xe in our current experi- the enhancement of proton magnetization was about 6, so we
ments. This should be an interesting and useful measur&an calculatess/p, to be about 1/280 by using Eq2).
ment, which remains to be investigated. It is also obviouslherefore, we indeed achieved the limit>o;s, and the
that the longest time constafie. should be, within error, in dynamics of the proton NOE signal could be described by
agreement with the decay time constant of #&e spin Eg. (1) neglecting the accumulation effetas shown in Fig.
polarization®® 1(b).

In order to obtain the maximaH NMR signal in our
SPINOE experiments, we used a 90° pulse and a single a
quisition at timety=280 s. Figure @) shows a typical en-
hanced'H NMR spectrum, while Fig. @) is the one at ther-
mal equilibrium under otherwise identical conditions. By

comparing their integrated intensity, the acquired signal €Mrotion limit (w7:>1), the proton polarization enhancement
hancement faCtOT of the solld—stat(_e Pf°t°” was about 6. Ilillia SPINOE in solid states might be decreased by a factor
terms of the relation of the magnetization versus the nucleagyq s - /11 +(wr.)2], relative to the short correlation case.
spin polarization given by Abragaffi this enhancement cor- In terms of Eq.(2), the proton polarization enhancement

: o 5
_resporjdsl totatproton tsplntﬁolarlzlathn of ?bputt_&ﬂﬂ ' Itlo Tprovided by SPINOE depends on the xenon polarization en-
is equivalent to a proton thermal spin polarization on a hancement[S,to) - S,]/Sy), the cross-relaxation ratér,s)

NMR spectrometer at 300 K. . 44934 . and the autorelaxation rafg,) of the proton. Similar to the
According to the Solomon equatioffs?3?*the maximum  *. . : ;
discussions in Ref. 15, thtH autorelaxatiorp, can be ex-

fractional enhancement of polarizations of the solid-state IS

: - _pressed as the sum pf° andp(. p|° is the contribution from
ipzrgéolr;%(gesgr;%i?]l;ecg)nctr)(;srse;ecla;snon with the hyperpolar the dipole-dipole coupling between thid and the hyperpo-

larized ?%Xe spins, and! is the relaxation rate from H-H
I,(to) = lo 015 ¥sS(S+ 1) S(ty) - S dipole-dipole interaction, spin rotation, paramagnetism and
o oo+ D) S (2)  all other interactions, such as the ¥el (or 3Cl), H-3Xe
interactions, etc. In fact, in the solid mixture #1Cl and Xe,
where y; and ys are the corresponding gyromagnetic ratiosthere exist complicated couplings, including H-H, H-Xe,
of I andS spins, andy is the time at which, goes through H-CI, Xe-Cl, Xe-Xe, CI-Cl. Due to the very fast quadrupolar
the maximum valuel(t;) and Sj(to) arez components of  relaxation of both**Cl and ’Cl, the nuclear polarization of
and S spins at timety, andly and S, are their thermal equi- Cl can be treated as permanently in equilibrium with the

In solid HCI-Xe, the Xe-H correlation timer, might
p_e very long, probably longer than/s. So the situation
In solid (w7.>1) might be completely different from that
in solution?® Since the Xe correlation times in solution
are ps order, one can always use the fast-motion limit
(w7.<1) to treat the SPINOE in solution. But in the slow-
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lattice; hence the CI can be neglected in our discussion. Th&éhe measured enhancement factor of the proton NMR signal
dipolar H-H spin flip-flop(zero quantum transitigrinterac-  was about 6. Solid-state signal enhancement via SPINOE
tion does not affect the SPINOE enhancement, because thigith hyperpolarized?®Xe is not limited to the proton, i.e., it
conserves the total proton spin. But the single quantuman pe extendible to other nuclei, such'3g, 1°N, 31p, etc.
H-H transitions, which do not conserve the total spin,\;eanwhile, this method should be readily extended to
do lg}‘a“ef in the SPINOGE enhancement. The H-Cl angy,q iy physics and the determination of the three-
H-""Xe coupling plays a role to leak the proton enhance'dimensionatBD) structure of large biomolecules, since NOE

ment as well as the proton depolarization with the Iattice'can rovide unique information on molecular structure. Tra-
Because it is the natural xen©26.4%%*Xe, 21.2%%Xe) P d '

that has been used in our experiments, the cross-relaxatidfilional NOE needs to iradiate one nucleus so as to observe

between'?Xe and Xe can decrease the efficiency of polar-2nother. However, by using this method, it s very convenient
o D) 1 2126 . and available to probe interactions between nuclei, without
ization transfer fromt?*Xe to *H at 142 K226 The polariza- " " - .
tion loss owing to relaxation with the wall as well as the any .add|t|onal cond|t|ons. In addition, mugh remains to be
freezing will diminish the value ofS,(ty) - S]/ .26 In addi- studied, .bOth. theorgtlcally anq _experlmentally, about
. . ) . : SPINOE in solids at high-magnetic fields.
tion, the inhomogeneous mixture of hyperpolarized Xe in the
solid HCI matrix would cut down the SPINOE The author X.Z. is grateful to Dr. Stephan Appelt and Dr.
enhancemert® All of these factors reduce the proton en- Friedrich W. Hasing for editing the manuscript and their use-
hancement via SPINOE with the hyperpolariZé®e, so it  ful comments. We also thank Professor Bernhard Bliimich
could be expected that the enhancement might be larger wittor helpful discussion. This work was supported by the Na-
the optimization. tional Natural Science Foundation of China under Grant No.
In conclusion, we have obtained the solid-state enhancetl0374103, National Science Fund for Distinguished Young
proton NMR signal ofHCI via SPINOE with the solid-state Scholars under Grant No. 29915515, and National Basic Re-
hyperpolarized?®Xe at 1.879 T and 142 K in a flow system. search Program of China under Grant No. 2001CB309309.
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