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In this contribution we report new approaches to the MRI of
materials using continuously produced laser-polarized “**Xe gas.
This leads to vastly improved sensitivity and makes new kinds of
information available. The hyperpolarized xenon is produced in a
continuous flow system that conveniently delivers the xenon at low
partial pressure to probes for NMR and MRI experiments. We
illustrate applications to the study of micropore and other kinds of
void space and show for the first time that with flowing hyperpo-
larized xenon it is possible to obtain chemical-shift-resolved im-
ages in a relatively short time.  © 2000 Academic Press
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INTRODUCTION

tool for the study of microporous material$—3. The high

sensitivity of the chemical shift to the local environment makes
*Xe NMR a very useful method for testing different aspec

of the structure and chemistry of porous soli®. (A firm

theoretical basis for the interpretation of the shift has been |

by the work of Jamesoat al. (4).

Limited sensitivity has always been a problem in the app
cation of **Xe to study materials. An increase in sensitivity o
several orders of magnitude can be achieved by using opti
pumping techniques for the production of hyperpolarized (H
xenon §). This has been used to good advantage in the dev
opment of HP xenon imaging for clinical applications, espgy,
cially lung imaging 6). For materials applications, recent;,
advances include examples of HP Xe delivery into MA§

probes 7) and of a recirculating continuous flow system th

offers prospects for the recording of Xe spectra of materials

a closed systenB(10.
There have been several attempts to image materials

! Issued as NRCC No. 43834,

M)

hyperpolarized xenon. Most of these deal with fairly simple

model systems, such as various arrangements of void spa
assembled from materials with suitable relaxation propertie
Only in two cases have materials with potentially useful prop
erties been imaged: aerogel in one instaricd® 4nd open-cell
foams in anotherl0). A serious problem that limits applica-
tions of HP Xe imaging of materials to a narrow set of carefully
selected systems is the nonrenewable character of the nonec
librium polarization. Many materials of interest possess par:
magnetic centers that have a profound depolarizing effec
Once the hyperpolarized gas is brought into contact with tk
material, all polarization may be lost in a very short time (oftel
in a matter of a few seconds) through the mechanisms
spin—lattice relaxation. Mainly this is a limitation of experi-
ments that use hyperpolarized gas produced in a batch mo
With the use of a continuous flow apparatus this drawback cz
br!)% made less important, as was recently demonstrated
employing a closed recirculating syste8+(10.
A more serious barrier to imaging with hyperpolarized gase
'8 the limited number of contrast variables. To date, for mos
images produced with hyperpolarized gases the contrast ari:
inly from gas density. The development of better contra:
mechanisms will undoubtedly increase the usefulness of tl
echnigue and expand the scope for applications. Rece
rogress in this direction include the use ©f diffusion
trast for HP gas in lung4d® and chemical shift resolved

imaging of HP Xe in a rat's braini().
®Because of the high sensitivity of thi&Xe chemical shift to
e local environment in voids, chemical shift imaging (CSI) of
°Xe promises to be an excellent tool for differentiating dis:
arE:Ct regions. This has been demonstrated recently with the
inaIIy polarized xenon in aerogel$4). However, the very low
sensitivity required extremely long data acquisition times (o
ﬂeﬁ order of some tens of hours) and necessitated the use
igh Xe pressures. Such requirements are likely to limit thi
pproach for general use.

In this Communication we show that with the use of opti-
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cally reduced acquisition times. We report on the use of
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FIG. 1. Diagram of the continuous flow system used for production of optically polarized xenon. The polarization cell and laser are positioned such
laser beam (circularly polarized) is aligned with the direction of the fringe field of the superconducting magnet.

simple flow system of general utility that produces HP Xe dty comparing the NMR signal intensity with those from seale
low partial pressure and high polarization and that can Iséandards of xenon—oxygen mixtures. One should note that t
integrated easily into existing probe technology. Working g@ressure reduction to near-atmospheric immediately after t
low pressure significantly facilitates experimental proceduresimping cell significantly facilitates gas delivery to the detec
and thus makes the technique generally accessible. The sidgiwad region of the NMR instrument. This approach differs
enhancement is sufficiently large that adsorption processesignificantly from previous designs8410, where a closed
zeolites and other porous materials can be monitored in reatirculating system was used at a pressure of 6—10 atm.
time. Also, by delivering a constant concentration of hyperpo- CaA and NaY zeolites were commercial samples fron
larized xenon to the sample, the acquisition of chemical-shiftion Carbide. Before use, both were calcined in air at 573 |
resolved images can be achieved in a reasonable length of timeorder to remove adsorbed water. Porous Vycor tubin
The addition of chemical shift contrast dramatically broader{6.8-mm OD, 4.4-mm ID) was purchased from Bioanalytica
the scope for HP xenon applications to the studies of a vari€dystems, Inc., and was calcined in oxygen at 773 K to remo
of porous materials. organic impurities. The average pore size for the Vycor was 2
A as determined by nitrogen porosimetry.
EXPERIMENTAL All NMR experiments were carried out on a Bruker DSX-
400 spectrometer (magnetic field 9.4 FXe-resonance fre
Optical polarization of xenon was achieved with an apparguency 110.7 MHz) equipped with Bruker microimaging ac:
tus similar to that described in Refld), with the optical cessories. The water-cooled gradient system is capable
pumping cell in the fringe field of the spectrometer magngtroducing a maximum gradient of 1 T/m with a gradient rise

The diagram of the apparatus is shown in Fig. 1. The systemiifie of about 100us. The probe used a 10-mm birdcage
designed to work with a gas mixture consisting of 1% Xgesonator.

(natural isotope distribution), 1%,JN98% He (purchased from

Air Products Co.). A standard oxygen purifier (Matheson) RESULTS AND DISCUSSION

reduces oxygen and water impurities in the gas mixture to

acceptable levels. As a source of polarizing light we use aThe pulse sequence used for the chemical shift imagir
30-W diode laser from Opto-Power Co. After leaving thexperiments is shown in Fig. 2 and consists of a single exc
polarization cell, gas passes through a U-tube placed in an taton pulse followed by a free precession delay during whic
bath to remove any entrained Rb. At the needle valve the gasase-encoding is appliedq, 17. In this experiment, two
pressure is reduced from 10 bar to slightly above atmosphedicnensions are spatial, and the third dimension is the chemic
and is delivered to the detection region wvi@ m of 3-mm-ID shift. Slice selection was achieved by applying a grad@nt
plastic tubing. The flow rate is monitored with an electroniduring the frequency-selective excitation pulse, which is, how
flow meter (Vacuum General, Inc., Model No. US2-31) and isver, still sufficiently broadbanded to excite the full range o
kept constant between 100 and 500 scc/min (sccimifiow  the **Xe chemical shifts. The advantages of the sequence &
rate normalized to standard conditionsl atm and 293 K). At its simplicity, suitability for shorfT,, and, most importantly, a
a typical flow rate of 200 scc/min it takes the gas alfds to low sensitivity to the effects of flow compared to echo-base
move from the polarizer to a sample and nedrly to pass techniques.m/2 excitation pulses have been used in all the
through the sample region. The polarization level“dKe in  experiments to maximize the signal, thus using all of th
the mixture is typically in the range from 5 to 6% as checkegblarization in the sample region. We found that at roon
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G, = of 1 atm in thermally polarized gas. It is clear that a shor
= relaxation time is not an obstacle in this instance, and tt
Gy = regions with different porosity can be spatially resolved fo
G = macroscopic samples.
£ Figure 3d shows a 1D spectrum for the sample describe
RF JL %W* above. This spectrum was acquired in a single scan and de
onstrates the great sensitivity of the HXe NMR experi
ment.

FIG. 2. Pulse sequence used for chemical shift imaging. A frequency- Measurements as a function of xenon loading are an impc
selective 25615 Hermite pulse with an excitation band of about 16000 Hz wagant part of studies of pore space in molecular sieves and ott
useq.GZ is a slice selection gradient ar@,, and G, are phase'enf:odipg adsorbents. Combining this with CS-resolved imaging, one c:
gradients. In order to estat_JIlsh a steady-state level of polarization |n_t entify not only the nature of the pores accessible to xeno
sample,_ t_J(_atween four and eight dummy scans are made before the begln%lﬂ? also where these | _
of acquisition. pores are located. In experiments w

adsorption of xenon from the flowing gas, the amount o

adsorbed xenon can be controlled by changing either the te
temperature and for flow rates above 150 scc/min more th@rature of the experiment or the partial pressure of the xen
50% of the xenon polarization was replenished during tti the flowing mixture. The latter parameter does not need to |
recycle delay compared to the original equilibrium polarizatiophanged before the polarizer as it is easy to add some nony
without RF pulses. This steady-state polarization remains cd@rized xenon into the stream after the polarization cell. Th
stant during the entire experiment. One could instead incregsasitivity of the experiment does not suffer, as almost th
the recycle delay in order to replenish the polarization corsame number of polarized xenon atoms is delivered to tf
pletely, but this would lead to an undesirable increase in thgrface in either experiment.
experimental time. Figure 4 demonstrates a situation where CaA and Na

Figure 3 shows a chemical shift image of HP xenon flowinggeolites are present together. The differences in the structu
through a phantom consisting of porous Vycor tubing fille@ize of the voids, and the nature of the charge-compensati
with NaY zeolite powder obtained at room temperature. Tocations are reflected in the different chemical shifts of xenot
certain extent this phantom models a small chemical reactor,Tdwe spatial resolution of the CS images for the two-zeolit
porous Vycor tubes are often used as reactor material for tiggions is remarkable. It should also be pointed out that it is n
oxidative coupling of methand §). As well, xenon and meth- necessary to have sharp physical boundaries to differentie
ane are very similar in size, and for this reason xenon is ofteggions of different porosity as in the above example: th
considered a good model for studying adsorption and diffusiexperiment will work as long as xenon exchange betwee
properties of CH. different regions remains slow on the NMR time scale. Ger

Vycor and NaY zeolite have very different pore systems, sally, fast exchange between different regions will result i
that adsorbed xenon has quite distinct chemical shifts in thedscreased spatial resolution.
materials. In the resulting image this is reflected in the separatdBecause CSI requires so many encoding steps it is n
signals that arise from each region. All three volumes—xeng@ossible to execute this experiment using batch mode prodt
in the gas phase, in Vycor, and in NaY—have cleanly resolvéidn of HP xenon. On the other hand, CS imaging is particL
images. It should be noted that the relaxation times of xenonlarly well suited to experiments with flowing HP xenon as it
both NaY and Vycor are relatively short compared to thosioes not involve echo formation, thus circumventing the seve
reported in previous applications. TH&Xe T, is only 1.2 s for echo attenuation caused by flowing gas in the usual gradie
NaY and 7 s for Vycor as measured at an equilibrium presswreho techniques. To produce the CS images shown in Figs

FIG. 3. HP 'Xe chemical shiftimages of a phantom (a) consisting of a 6.8-mm porous Vycor tube packed with NaY zeolite pe&aerp) and placed
inside an open 9-mm-ID and 2.5-cm-long glass tube. A 3D image with one spectroscopic and two spatial dimensions is shown (b) together with thleesectic
at the indicated chemical shifts (c). Dashed lines indicate the position of the walls of the glass tub&%el®MR spectrum of the phantom taken in a single
scan is shown in (d). The CS image was acquired in a matrix of 40 X 128 points and a square field of view of 20 mm. At the maximum, phase gradier
G, andG, reached 42 G/cm each. Two scans per each encoding step were made. The flow rate of the gas mixture was 200 scc/min and the total ex
time was 30 min. The 4-mm-thick slice was approximately in the middle of the cylinder. The slice selection geadimst34 G. During processing, the original
matrix was zero-filled to 12& 128 X 256. The 76-ppm chemical shift region corresponds to xenon adsorbed in porous Vycor, the region at 60 ppm to
and that at 0.6 ppm to the interstitial xenon gas.

FIG. 4. HP **Xe chemical shift image obtained from a 9-mm-ID glass tube filled with pellets of CaA and NaY zeolites, as shown in the top diagrar
A 3D image with two spatial and one spectroscopic dimensions is shown (b) together with the sections taken at the indicated chemical shift$* (g A 1
spectrum is shown at the bottom (d). Experimental conditions were the same as for Fig. 3 except only one scan per encoding step was made. The 8&-ppr
shift region corresponds to xenon adsorbed in CaA zeolite, the region at 58 ppm to NaY, and that near 0.5 ppm to xenon in the interparticle space.
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and 4 required only 30 and 15 min, respectively. In fact, thé. (a) C. |. Ratcliffe, Xenon NMR, Ann. Rep. NMR Spectr. 36, 124
total imaging time could be further reduced if the approaches (1998)N$\?|)RDE R,aftgr?’ a”g B. Féghlrzi'kfs'SXag%Z)N('\")RpSgegm?'

. . . [ copy, asic Princ. Progr. y - ;v (C) P. J. balrie
described in Ref. 1_(9) were u_sed. Alternatively, one can in and J. Klinowski, Xe NMR as a probe for the study of micro-
crease t_he r_es‘)lu“on of the images at the expense of a longer,oqys solids: A critical review, Progr. NMR Spectrosc. 24, 91-108
acquisition time. (1992).

A further extension of the experiment would be CS imagingt. (a) C. J. Jameson, A. K. Jameson, B. I. Baello, and H.-M. Lim,
with encoding in all three spatial dimensions, thus requiring the Grand canonical Monte Carlo simulations of the distribution and
addition of one additional phase encoding gradient and, obvi- chenl12|;:al shifts pf xenon in the cages of zeolite NaA. I. Distribution
ouslv. the lengthening of the acauisition time. Nevertheless and **Xe chemical shifts, J. Chem. Phys. 100, 5965-5976 (1994);

u Y' . 9 - ! g . quisi I_ : ' v ' (b) C. J. Jameson, A. K. Jameson, H.-M. Lim, and B. |. Baello,
considering the simplicity of the ex_perlmen_tal setup _and the Grand canonical Monte Carlo simulations of the distribution and
fact that not all systems require high spatial resolution, the chemical shifts of xenon in the cages of zeolite NaA. Il. Structure of
experiment seems to be generally feasible and useful. Anotheradsorbed fluid, J. Chem. Phys. 100, 5977-5987 (1994); (c) C. J.
possible application is the spectroscopy of localized regions. In Jameson, A. K. Jameson, and H.-M. Lim, Competitive adsorption
this case a certain region in 3D spbace can be selected usin of xenon and argon in zeolite NaA. ““Xe nuclear magnetic reso-

! _I gl I_ p ) usi gnance studies and grand canonical Monte Carlo simulations,
frequency—sgle_ctlve pu_Ises in the presence of gradients, andj. chem. Phys. 104, 1709-1728 (1996).
spectroscopic information can be obtained from only the ses. (a) B. C. Grover, Noble-gas NMR detection through noble-gas-—
lected region. The simplest combination would be to employ rubidium hyperfine contact interaction, Phys. Rev. Lett. 40, 391-
either frequency-selective pulse®0] or sandwiches of fre- 392 (1978); (b) W. Happer, E. Miron, S. Schaefer, D. Schreiber,
quency-selective and -nonselective pulszd {n combination W. A. van Wingaarden, and X. Zeng, Polarization of the nuclear

ith three orthogonal slice-selective gradients resulting in a o> of noble-gas atoms by spin exchange with optically pumped
wi g : 9 > resufting alkali-metal atoms, Phys. Rev. A 29, 3092-3110 (1984).
cqbe—shaped vqume.W|th the_approaches outll_ned inRef. (¢ (3) M. S. Albert, G. D. Cates, B. Drichuys, W. Happer, B. Saam,
this would be essentially a single-scan experiment, and the c. s. Springer, and A. Wishnia, Biological magnetic resonance
changes in the selected region induced by adsorption of aimaging using laser-polarized ***Xe, Nature 370, 199-201 (1994);
second component or some chemical transformations could be(®) J. Mugler Ill, B. Driehuys, J. Brookeman, G. D. Cates, S. Berr,
followed in real time R. G. Bryant, T. M. Daniel, E. E. de Lange, J. H. Downs IlI, C. J.

L . Erickson, W. Happer, D. P. Hinton, N. F. Kassel, T. Maier, C. D.
Because it is so easy to work with the open flow system, Phillips, B. Saam, K. L. Sauer, and M. E. Wagshul, MR imaging and
applications of HP xenon as a tracer become pOSSible for spectroscopy using hyperpolarized **Xe gas: Preliminary human
processes such as the thermal modification of void space orresults, Magn. Res. Med. 37, 809-815 (1997).
adsorption and diffusion of sorbents. Experiments of this kind. D. Raftery, E. MacNamara, G. Fisher, C. V. Rice, and J. Smith,
are underway in our Iaboratory. thical pumping and magic angle spinnin_g: Sen_sitivity and resplu—
In conclusion, we have reported the first instance of chem- tion enhancement for surface NMR obtained with laser-polarized
. e . . . . xenon, J. Am. Chem. Soc. 119, 8746-8747 (1997).
ical shift imaging of_materlals with hyperpolarized xenon. We, Haake, A. Pines, J. A. Reimer, and R. Seydoux, Surface-en-
have shown that using HP xenon flow one can produce excel- hanced NMR using continuous-flow laser-polarized xenon, J. Am.
lent CS images of various adsorbents in practical, useful times. chem. Soc. 119, 11711-11712 (1997).
The method can be applied to materials with relatively shod. R. Seydoux, A. Pines, M. Haake, and J. A. Reimer, NMR with
relaxation times and it is expected to be particularly useful in continuously circulating flow of laser-polarized ***Xe, J. Phys.
the characterization of complex, multicomponent porous ma- Chem- B 103, 4629-4637 (1999). _
terials. Moreover, the integration of this relatively straightfort?- E- Brunner, M. Haake, L. Kaiser, A. Pines, and J. A. Reimer, Gas
. . .. flow MRI using circulating laser-polarized ***Xe, J. Magn. Reson.
ward continuous flow system into existing probe technology 138, 155-159 (1999).

puts such teChniqueS within easy reach of the wider NMB. Y.-Q. Song, H. C. Gaede, T. Pietrass, G. A. Barrall, G. C. Chingas,

community. M. R. Ayers, and A. Pines, Spin-polarized '*Xe gas imaging of
materials, J. Magn. Reson. A 115, 127-130 (1995).
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