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Abstract 

Nuclear Magnetic Resonance of Laser-Polarized Noble Gases in 

Molecules, Materials, and Organisms 

by 

Boyd McLean Goodson 

Doctor of Philosophy in Chemistry 

University of California at Berkeley 

Professor Alexander Pines, Chair 

1 

Conventional nuclear magnetic resonance (NMR) spectroscopy and magnetic reso

nance imaging (MRI) are fundamentally challenged by the insensitivity that stems 

from the ordinarily low spin polarization ;tchievable in even the strongest NMR mag

nets. However, by transferring angular momentum from laser light to electronic and 

nuclear spins, optical pumping methods call increase the nuclear spin polarization 

of noble gases by several orders of magnitude, thereby greatly enhancing their NMR 

sensitivity. 

This dissertation is primarily concerned with the principles and practice of opti

cally pumped nuclear magnetic resonance (OPNMR). The enormous sensitivity en-
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hancement afforded by optical pumping noble gases can be exploited to permit a 

variety of novel NMR experiments across many disciplines. Many such experiments 

are reviewed, including the void-space imaging of organisms and materials, NMR and 

MRI of living tissues, probing structure and dynamics of molecules in solution and 

on surfaces, and zero-field NMR and MRI. 
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Introduction 

Nuclear Magnetic Resonance of Laser-Polarized Noble Gases 

in Molecules, Materials, and Organisms 

Xl 

The phenomenon of nuclear magnetic resonance (NMR) is the basis for what are 

arguably the most powerful analytical tools in the spectroscopist's arsenal. Over the 

fifty-five-year history of its study, countless NMR techniques have been developed 

to permit, for example, the detailed study of structure and dynamics of molecules 

in solution, the characterization of the bulk and surfa~e properties of materials, and 

the imaging of tissues in living organisms. Unfortunately, conventional NMR meth

ods suffer from a common drawback that in many circumstances, can limit their 

power and applicability-a notorious lack of sensitivity. This fundamental insensitiv

ity originates from the miniscule size of nuclear magnetic moments, which results in an 

exceedingly small equilibrium nuclear spin polarization in even the largest magnets. 

In certain systems, however, the sensitivity of NMR spectroscopy and magnetic 

resonance imaging (MRI) can be greatly enhanced via optical pumping. In optical 

pumping, angular momentum can be transferred from laser photons to electronic and 

nuclear spins, thereby transiently enhancing the nuclear spin polarization in these 

systems by four to five orders of magnitude. 

This dissertation reviews selected topics in optically pumped nuclear magnetic 

resonance (OPNMR). Examples provided from our laboratory and elsewhere are de

scribed that demonstrate the power and promise of various novel approaches. 
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In the first two chapters, relevant portions of theoretical and experimental as

pects of NMR and optical pumping are briefly reviewed. The remainder of this thesis 

deals exclusively with the development and application of novel NMR techniques us

ing laser-polarized noble gases. Following an introduction of the properties of laser

polarized gases in, the third chapter, the fourth and fifth chapters are concerned with 

using laser-polarized xenon. to probe structure and dynamics of molecules in solution. 

Of particular interest is the spin polarization-induced nuclear Overhauser effect (SPI

NOE), which can result in selective polarization transfer from laser-polarized xenon to 

solution species, in a manner dictated by the relative distance and dynamics between 

xenon and molecules in solution. 

The sixth and. seventh chapters describe how laser-polarized gases can be used 

to study materials with a variety of imaging and spectroscopic techniques, including 

enhanced 129Xe NMR spectroscopy, polarization transfer to surface spins via SPINOE 

and cross-polarization, studies of boundary restricted diffusion, void-space imaging, 

and the imaging of flow through porous materials. 

The eighth chapter presents work from the fastest growing segment of the OP

NMR field: the application of laser-polarized gases for biomedical and clinical studies. 

Following a description of in vivo void-space imaging of the lungs, recent studies using 

laser-polarized gases to probe living tissues will be discussed, with special attention 

given to issues of noble gas relaxation and delivery in vivo. The ninth and final chap

ter of this work describes new low Izero-field experiments permitted by the inherent 
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xiii 

non-equilibrium nature of the laser-induced polarization of these gases, and concludes 

by considering some possible future directions of this exciting field. 



xiv 
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Chapter 1 

Relevant Components of the NMR 

Hamiltonian 

1.1 Introduction 

In order to preface the detailed discussions of OPNMR·that comprise this thesis, 

the fundamentals of NMR phenomena must first be briefly introduced. However, 

space does not permit an all-inclusive description of NMR principles and techniques. 

Instead, important features of the NMR Hamiltonian will be described here in a 

general way, while the portions of NMR theory and experiment that are particularly 

relevant to the material presented in this thesis will be described later within the 

context of such work. When greater depth into NMR theory and practice is required, 

the reader is directed to Refs. [1, 2, 3, 4, 5, 6] for a selection of excellent NMR books 
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and monographs. In addition to these works, Refs. [7, 8, 9] should prove especially 

helpful for grounding NMR in the general perspective of quantum mechanics and 

spectroscopy. Throughout this thesis, the simplest possible notation and means of 

description permitted by the material will often be employed, and formalism will be 

borrowed from many of the sources listed above and elsewhere. 

1.2 Spins in Applied Fields 

1.2.1 The Effects of a Static Magnetic Field 

The Zeeman Interaction 

In most circumstances relevant to this thesis, the Zeeman interaction is the most 

important contribution to the nuclear spin Hamiltonian. Consider a nucleus with 

spin quantum number I =I 0, with magnetic dipole moment j1 = ,Til, where , 

is the nuclear gyromagnetic ratio, Ti is Planck's constant divided by 21l', and f is 

the nuclear spin operator. The magnitude of j1 is given by J-L = Ti,VI(I + 1). In 

the absence of an external magnetic field, a nucleus with spin quantum number I 

possesses (21+1) degenerate eigenstates II, mI), where the magnetic quantum number 

mI = -I, -I + 1, ... , I - 1, I. However, the application of a strong external magnetic 

field B"'"'o removes this degeneracy, owing to the interaction between the field and the 

I , 
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magnetic dipole moment: 

Hz - -il·Bo, 

- -,nBolz , 

3 

(1.1) 

(1.2) 

where Hz is the Zeeman Hamiltonian; here, the direction of B~ is defined to be along 

the i-axis. 

In a classical picture, Bo causes each nuclear moment to precess about the i-axis. 

The angular rate of precession is given by 

Wo = -,Bo, (1.3) 

where Wo is known as the Larmor frequency of the system. The projection of il along 

i, Jlz = n,Iz, is naturally given by the angle a between il and B""'o (cosa = Jlz/Jl). 

However, quantum mechanics dictates that a is quantized; the operator Iz has the 

familiar eigenvalue relation: 

(1.4) 

Therefore, a will be constrained according to the values of m[ (e.g., giving a ~,54.74° 

for 1=1/2). 
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Additionally, we can manipulate the time-independent Schodinger equation 
'-

(1.5) 

to obtain the eigenengergies of II, mI): 

(1.6) 

(1.7) 

The Zeeman energy is the difference in energy between two adjacent levels (i.e., 

D.mI = ±1: ; , 

D.E = ,nEb. (1.8) 

Thus, a photon with frequency equal to the Larmor frequency Wo = ,Eo will be 

resonant with these levels. 

Given a typical magnetic field strength of 10 T, the Larmor frequency will be in . , ' 

the radio frequency (rf) regime of the electromagnetic spectrum (lOs to 100s of MHz). 

Other contributions to the NMR Hamiltonian (described in the following sections) are 

normally orders of magnitude smaller that the Zeeman contribution, and therefore 

they generally can be considered as perturbations to the Zeeman Hamiltonian. 
, j 

Consider an ensemble of spin I = 1/2 nuclei (with positive ,) in a magnetic field. 
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Each nuclear spin will precess about the z-axis at the Larmor frequency, drawing out 

a cone. Specifically, the spins with m[ = +1/2 will draw out a cone with its mouth 

pointing "up" with respect to the Z-axis, while the cone of the spins with m[ = -1/2 

will open downward. We will assume that there is no correlation between the relative 

positions of the different spins in the cones (i.e. the random phase approximation) 

giving an effectively equal distribution about z in each cone. Therefore, the vector sum 

of all the magnetic moments of the ensemble will be entirely along z; the magnitude 

of the bulk magnetization, Mo, will be dictated by the relative populations of the m[ 

levels. We may defin~ the nuclear spin polarization, P, according to the following 

relation: 

I (1.9) 

where N j and Nt are respectively the numbers of spins in the m[ = 1/2 and m[ = 

-1/2 states. The number of spins in each level at equilibrium is dictated by the 

Boltzmann distribution, giving 
I , 

(
"fliEO) 

P = tanh 2kT ' (1.10) 

where k is Boltzmann's constant and T is the temperature. The magnitude of Mo is 

I ' 
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proportional to P: 

(1.11) 

where Ns is the number nuclear spins. 

The Chemical Shift 

When an atom is placed in an external magnetic field, the nucleus of that atom 

will experience a local field that is generally different from the external field. This 

difference is due to weak local fields originating from electronic orbital angular mo-

mentum induced by the external magnetic field. In other words, the external field 

generates ring currents in the electron cloud surrounding a given nucleus. These 

weak local fields are proportional to the external field strength, normally opposite 

in direction, thereby partially "shielding" the nuclear spin from the external field. 

This shielding effect results in a slightly different Larmor frequency than that ex-

pected from the Zeeman Hamiltonian alone, known as the chemical shielding. When 

this shift in frequency is compared to an arbitrary frequency reference, the effect is 

commonly known as the chemical shift. 

When a molecule or bulk material is placed in a magnetic field, the same effect is 

observed. However, the electron density around a nucleus is not generally spherical in 

nature, giving an orientationally dependent tensor quantity known as the chemical~ 

shift anisotropy or chemical-shielding anisotropy (CSA), (J. I t can be shown that 

i ' 

I I 

, , 

I I 

, I 
\ .. , 
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the orientational dependence is proportional to [1 - 3( cos2 0)], where 0 is the angle 

between the external field B~ and the principle axis of the CSA. The chemical shielding 

Hamiltonian has the form 

N 

Hcs = fi LI:' O-k' Eo. (1.12) 
k=l 

In gases and liquids, the rapid isotropic tumbling of molecules averages away the 

orientational dependence of the CSA, yielding a single isotropic chemical shift, o-iso, 

normally included into the NMR Hamiltonian as: 

Hz + Hcs = -fi L 'Yk (1 - 0-180
) Bolkz, 

k 

(1.13) 

where k indexes each nucleus. The relative strength of the chemical shift depends 

largely on the element in question and its local surroundings. To give two examples, 

The chemical shift range of protons is typically around 15 ppm (rv6 kHz at 10 T), 

while the range for xenon is roughly 7500 ppm (rv900 kHz at 10 T), owing to xenon's 

highly polarizable electron cloud. 

In bulk materials, the CSA can also be reduced to the isotropic shift by magic-

angle sample spinning (MAS). If the sample is spun rapidly (i.e., with a rotor fre-

quency greater than the spectral width of the CSA), then the term [1- 3(cos2 B)] will 

tend to zero if 0 ~ 54.74°; 54.74° is thus referred to as the magic angle. MAS can 

yield much higher spectral resolution for amorphous solids compared to that obtained 
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from static samples, at the cost of lost structural information contained in the original 

eSA lineshape. 

I 
, I 

1.2.2 Resonant Radio-Frequency Fields 

Most of the NMR pulse sequences used in the work reviewed in this dissertation 

are well-known, simple, and easily understood; as such, only the briefest mention of 

radiation-spin interactions is given here. As mentioned earlier, the NMR resonance 

condition for an ensemble of nuclear spins with gyromagnetic ratio , and chemical 

shift (j is given by 

I 

Wo = -, (1 - (j) Eo; (1.14) I I 

thus, an applied rf field BI with angular frequency w = Wo will be absorbed by the 

ensemble, exciting spins to flip between Zeeman levels. 

Alternatively, the total magnetization Mo of the spin ensemble may be cons~dered 
I ' 

to evolve classically under the influence of HI in a reference frame rotating at Wo. 
J I 

Prior to the application of HI, Mo is aligned with Ho along the z-axis. However, the 

application of HI in a plane perpandicular to Eo (say, along the x-axis) will cause 

Mo to tip out of alignment of Ho and rotate in a plane perpandicular to HI' The 

angular frequency of the rotation of Mo caused by HI, known as the Rabi frequency, 
, ' 

is given by: WI(t) = ,EI(t), where EI(t) is the time-dependent amplitude of HI. The 
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degree to which Mo has deviated from alignment with B~ immediately following the 

application of the BI rf pulse, known as the pulse tipping angle, 8, is given by: 

{Tp 
8 = Jo wI(t)dt, (1.15) 

where Tp is the time duration of the rf pulse. 

Consider an rf field BI of constant amplitude and duration chosen such that once. 

applied along the x-axis, Mo has been tipped 90°, leaving Mo parallel to the y-axis; 

naturally, such an rf pulse is referred to as a 90° pulse. Following the application of 

BI , in the laboratory reference frame Mo will precess in the xy plane at the Larmor 

i' \ 
frequency, permitting the magnetization to be detected via the alternating current 

induced by the precessing magnetization in a coil aligned perpandicular to B~. A 

rectangular rf pulse of identical amplitude but with twice the duration of the previous 

BI (known as a 180° pulse) would instead leave Mo aligned anti-parallel to Bo. 

BI . must leave some portion of Mo in the xy plane if any signal is to be detected 

by the induction coil. In other words, all observable signals in NMR are proportional 

l._, to the operators Ix and Iy. Conceptually, this idea may be united with the previous 

, ! 
statement that the absorption of resonant rf photons causes individual spins to flip, 

as the II, mI) kets do not comprise an eigenbasis of Ix or Iyj Ix and Iy are responsible 
I ! 

for spin flips, as can be seen more simply by applying linear combinations of these 
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terms: 

( 1.16) 

(1.17) 

where 

(1.18) 

(1.19) 

giving, for the example of I = 1/2, mI = -1/2: 

I+I~ -~)=I~ ~). 2' 2 2' 2 
(1.20) 

Thus, 1+ and L are often referred to respectively as the raising and lowering opera-

tors. 

1.2.3 Spins in Magnetic Field Gradients 

In the description of the ~Zeeman interaction, it was assumed that the external 

magnetic field Eo was completely homogeneous, causing all the identical spins of 

a sample to have the same Larmor frequency. However, if a linear magnetic field 

gradient G is placed across the sample along r, then the Larmor frequency is given 

i I 

, I 

I 
'"_ . .J 
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by: 

W(T) = -,Bo + ,a. r, (1.21) 

neglecting the chemical shift. Thus, displacements in space along r correspond with 

linear displacements in Larmor frequency. 

Magnetic field gradients have numerous applications in NMR. Two applications 

relevant to the work presented in this thesis are imaging and studying diffusion. The 

reader is directed to Refs. [10,11,12,13] for discussions of both subjects in the context 

of magnetic resonance. More detailed discussions of MRI, the effects of diffusion on 

MRI, and the measurement of diffusion with pulsed gradient methods can be found 

in Chapter 7 and references therein. 

Gradients are used in MRI to encode spatial information from the sample into 

the detected NMR spectrum, thereby permitting the generation of an image of the 

spin density of a given sample (modulated by a variety of contrasting effects). In this 
I ' 

discussion it is convenient to employ the reciprocal space vector k, where 

.... ,ar 
k = 27r ' (1.22) 

I I 

where r is the duration of the applied gradient. Thus, from Eq. 1.22 it can be seen 

I ' that systematic variation of a and r can be used to traverse k:..space. The observed 
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signal in MRI, S, is given as a function of k: 

(1.23) 

where p(f') is the spatially-dependent nuclear spin density of a given sample. Thus, 

one can employ Fourier transformation to recover an image of p(f') from S(k): 

(1.24) 

Encoding spatial information according to Eq. 1.21 is known as frequency encoding. 

Alternatively, one may obtain spatial information by via phase encoding, which entails 

generating a spatially-dependent phase change in the NMR signal. If a gradient of 

duration T is applied prior to signal acquisition, then the spatially-dependent phase 

is given by: 

(1.25) 

Unlike frequency encoding, phase encoding requires the acquisition of multiple signals 

with an appropriate variation of the amplitude of G for each scan. 

In reality, three mutually perpendicular gradients must be used to obtain a 3-

D image. The application of one gradient will naturally give only an integrated 

projection of the spin density along the direction of that gradient; this type of image 

t 

I \ 

I I 

1 I 

i ' 

: \ 

\ ' 



1.2. SPINS IN APPLIED FIELDS 13 

is called a projection image. Multi-dimensional imaging experiments often (but not 

always) employ both frequency and phase.encoding. For example, a 2-D image may 

be obtained by frequency encoding along one dimension (with say, Gx ), with phase 

encoding obtained by stepping through Gy in subsequent acquisitions, producing a 

2-D data set. The image is obtained by Fourier transforming the 2-D data set in both 

dimensions in much the same way that 2-D NMR spectra are obtained in correlated 

spectroscopy experiments. 

Measurement of the true spin density via MRI is difficult (and often not desired), 

as the signal is generally modulated by a variety of physical phenomena (e.g., longi-

tudinal and transverse spin relaxation, chemical shift, and diffusion). Indeed, such 

phenomena are often exploited to create different types of contrast in MRI. For a 

detailed description of contrast mechanisms in MRI, the reader is directed to Ref. 

[11]. 

Independent of MRI, pulsed gradients can be used to 'study diffusion. Consider 

the application of a gradient-echo pulse sequence in which, following an rf pulse to 

generate xy magnetization, two gradient pulses of equal strength (G) but opposite 

in direction are applied, spaced by a time delay (~t), immediately followed by de-

tection. In the absence of diffusion, the second gradient will completely refocus the 

, \ spin dephasing caused by the first gradient, and the maximum signal is recovered. 

However, if diffusion is present, the amplitude of the detected signal will have decayed 
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somewhat according to the equation: 

(1.26) 

Where D is the diffusion coefficient (see for example, Ref. [14] and references therein). 

Thus, by measuring the strength of mUltiple signals with variation in G, D may be 

simply obtained from the slope of a plot of In [S (t, G) / S (t, 0)] versus G2. 

1.3 Spin-Spin Couplings 

1.3.1 Scalar (J) Couplings 

Scalar or J couplings are indirect spin-spin couplings mediated by electron-nuclear 

interactions. Specifically, such electron-nuclear interactions can originate from Fermi-

,contact hyperfine interactions and couplings between nuclear spins and electronic 

orbital angular momentum. J-couplings provide the principle means of transferring 

coherence between spins within the same molecule in liquids. On a more practical 

level, observed J-couplings are nearly always mediated by chemical bonds, and thus 

are particularly important in liquid-state NMR to organic chemists and structural 

biologists as they provide information regarding the structural connectivity of atoms 

in molecules. 

I I 

I I 
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The Hamiltonian for indirect spin-spin couplings has the form: 

H J = h L I: . J kl • iz, (1.27) 
k<l 

where J kl is the indirect spin-spin coupling tensor (following the formalism of Ernst 

et al. [3]). However, the isotropic term of J kl may be separated from the anisotropic 

term, yielding 

HYO = h L JkII:. iz, (1.28) 
k<l 

where 

(1.29) 

The anisotropic portIon, Jk1iso, is averaged away in isotropic liquids, and in general, 

I ,. is difficult to separate from the direct dipolar couplings (discussed later); for these 

reasons, only the isotropic term Jllo will be considered throughout the remainder 

of this thesis; By definition, J1io is independent of orientation, and therefore is not 

averaged away in isotropic liquids. Thus, the NMR spin Hamiltonian in isotropic 

liquids is comprised of Zeeman, chemical shift, and J-coupling terms: 

I ' 
Ho = -n L 'Yk (1 - (j~SO) Bohz + h L Jk1I: . iz. (1.30) 

k k<l 
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Two-bond proton-proton J-couplings are typically Hz or lOs of Hz in size; directly 

bonded 1 H_13C J-couplings are normally on the order of 100s of Hz. 

1.3.2 Dipolar Couplings 

A pair of nuclear moments can possess a direct spin-spin interaction whose strength 

is determined by the relative internuclear distance between the spins and the orien-

tation of the internuclear vector fiel with respect to the external magnetic field. As 

such, measurements of dipolar couplings between two or more spins in a lattice can in 

principle yield substantial structural information. The dipolar Hamiltonian has the 

following explicit form: 

(1.31) 

(1.32) 

By implementing the high-field approximation [3], the non-secular terms are ne-

glected, and a simplified ("truncated") dipolar Hamiltonian may be obtained: 

. 2 -. -

H trunc """ /-10rkrl
n (1 3 2 () ) [31 I 1--+ 1--+] D = ~ 8· 3 - cos kl kz lz - k· I , 

k<l 7rrkl 

(1.33) 
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which for a heteronuclear two-spin system, further simplifies to 

HIS /-LO'YI'Ys1i2 ( 2) I 
D = 4 3 1 - 3 cos (hs IzIsz , 

7rrIS 
(1.34) 

where I and S denote two different spins and (hs is the angle between fis and B"""'o. 

In solids, nuclear dipole-dipole interactions can be extremely important; for ex-

ample, the strength of a typical directly-bonded 1 H_13e dipole coupling is ",20 kHz, 

much greater than the J-coupling. Moreover, the sensitivity with which the dipolar 

coupling depends on rand () should make it a powerful probe of structure in materials. 

However, the exponential increase in spectral complexity suffered when the number 

of strongly coupled spins is increased, as well as decreased transverse relaxation times 

yields broad, intractable lines. As with the case of the eSA, the O-dependence of the 

dipolar coupling enables its removal via MAS techniques (if the sample can be spun 

with a significantly higher frequency than the dipolar coupling itself); unfortunately, 

this spectral simplification often "throws the baby out with the bath water," as the 

structural information provided by the dipolar couplings is also lost in fast MAS. 

Therefore, numerous rf and spatial manipulation techniques have been developed to 

selectively re-introduce chosen dipolar couplings (thereby providing structural infor-

mation about the chosen dipole pair), while still averaging d.way the other remaining 

couplings. This work is an enormous field of NMR in its own right, but is outside the 

scope of this thesis. 
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1.3.3 Quadrupolar Couplings 

Nuclei with I ~ 1 possess an asymmetric charge distribution, permitting coupling 

with local electric field gradients. The quadrupolar Hamiltonian is given by 

N 

HQ = LJ~ . Qk . I~, (1.35) 
k=l 

where Qk is the quadrupole coupling tensor for the kth spin, which in turn can be 

written in terms of the electric field gradient tensor V at each nucleus: 

Q _ eQk V 
k - 2I

k
(2h _ 1)11, k· 

(1.36) 

The characteristically short relaxation times of quadrupolar nuclei make them unfa-

"vorable for the vast majority of OPNMR experiments described in this thesis; thus 

quadrupolar nuclei will be mentioned only sparingly. For recent examples of NMR I 
experiments involving quadrupolar nuclei, the reader is referred to the Ph.D. disser-

tations of S.M. De Paul [15] and S. Wang [16]. 
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Chapter 2 

Optical Pumping of Noble Gases 

2.1 Introduction 

The fundamental insensitivity of NMR and MRI stems from the exceedingly low 

nuclear polarization generated in even the strongest available magnetic fields. Con-

sider an ensemble of spin-I = 1/2 nuclei at thermal equilibrium with a strong external 

magnetic field, Bo, and at temperature T, shown in the top portion of the cartoon in 

Fig. 2.1). The functional form of the nuclear polarization P was given in the previous 

chapter: 

(
"fliBO) P = tanh 2kT . (2.1) 
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Because of the minuscule size of nuclear magnetic moments, it is generally true that 

,liED / kT < < 1, yielding: 

(2.2) 

For a collection of nuclei at room temperature and at typical NMR magnetic field 

strengths, Eq. 2.2 gives P f'V 10-5 -10-6. For example, given a field strength of 9.4 T 

(roughly the strength of a 400 MHz magnet) at room temperature, the polarization 

for a collection of protons would be only :::::::3.2 x 10-5 . Naturally, the polarization 

would be even lower for samples in the weaker fields used in most medically oriented 

experiments, or when observing nearly all other NMR-active nuclei. It was shown in 

the previous chapter that the magnitude of the equilibrium nuclear spin magnetization 

Mo was proportional to P. Thus, improving the equilibrium magnetization for a given 

sample can be performed only by increasing Eo (which grows progressively expensive 

and difficult), or by drastically lowering T (inappropriate for various types of samples, 

especially Ii ving organisms). 

Instead, a different approach would be to achieve high nuclear polarization [Fig. 

2.1(b)] by some non-equilibrium means, even if the polarization would eventually 

succumb to spin-lattice relaxation. If useful experiments can be performed faster 

than such relaxation occurs, it may well be worth the trouble to "beat" Boltzmann, 

even if only for a short time. 
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IWo t 
Optical Pumping 

lVl 

Figure 2.1: Cartoon depicting the effect of laser-polarization for a collection of spin-
1/2 nuclei (assuming positive gyromagnetic ratio). Normally, the number of spins 
aligned antiparallel to the magnetic field (Eo) is nearly equal to the number of spins 
aligned with Eo, leading to a tiny detectable magnetization, Mo. However, with 
optical pumping, the population distribution of the spins can be driven far away from 
equilibrium, thereby increasing the magnetization to order unity. Figure adapted 
from Ref. [17]. 
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Optical pumping methods can be exploited to obtain highly non-equilibrium nu

clear spin polarizations, thereby increasing M by four to five orders of magnitude 

(shown in the bottom portion of Fig. 2.1). Optical pumping methods achieve highly 

non-Boltzmann population distributions by exploiting the quantum mechanical se

lection rules of angular momentum. It was first shown by Kastler [18, 19, 20] in 

1950 that circularly polarized light could be used to pump electronic spins of gaseous 

metal vapors into non-equilibrium population distributions, an accomplishment which 

earned him the Nobel Prize. Later work [21] showed that the nuclear polarization of 

noble gases present in the pumping cell could be greatly enhanced through collision 

and spin exchange with electronically spin-polarized alkali atoms. This process has 

since been studied in considerable detail by Happer and co-workers (see for example, 

Refs. [22, 23]), with the original motivation being the creation of nuclearly polarized 

spin targets for particle physics experiments. 

It should be mentioned that the NMR signals of other systems besides gas-phase 

monatomic species have been successfully enhanced through optically pumping. For 

example, the optical pumping of nuclear spins in certain semiconductors (e.g. GaAs 

and InP) has permitted a variety of novel studies of these materials, most notably the 

use of optical pumping in semiconductor quantum wells to study the effects of reduced 

dimensionality on the fundamental behavior of electrons within these structures, and 

the quantum Hall effects specifically (for a sampling of the field of semiconductor 

OPNMR, see Refs. [24,25,26,27,28,29,30,31,32, 33, 34, 35, 36]). Semiconductor 
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OPNMR has yet to see wider 'application to other fields (although the potential for 

using optically pumped semiconductor wafers as substrates for polarization transfer 

to species (e.g. proteins and other biological molecules of interest) adsorbed to their 

surfaces has recently been discussed [34]). In any case, this work is beyond the scope 

of this thesis. 

This chapter prefaces the work presented in the remainder of this thesis by intro

ducing many of the principles and practices involved in the optical pumping of noble 

gases. The primary method of noble gas optical pumping, namely alkali metal spin 

exchange, is introduced, and different experimental methods employing this technique 

are described. An alternative method for producing laser-polarized helium directly 

(without the need for an alkali vapor intermediary) called metastability exchange has 

also been developed, but is beyond the scope of this thesis; for a discussion of this 

approach, see Refs. [37, 38]. For a recent review of spin exchange optical pumping, 

see Ref. [23]. For an in depth introduction into the physics of optical pumping in 

general, the reader is directe,d to the monograph of Bernheim [39]; this work also 

contains reprints of a number of the important articles from the early days of optical 

pumping. 

2.2 Alkali Metal Spin Exchange 

Alkali metal spin exchange is the primary method for generating optically pumped 

noble gases, and is capable of achieving high nuclear spin polarization in both xenon 
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and helium at low and high magnetic fields. The two-step process that comprises 

alkali metal spin exchange is shown schematically in Fig. 2.2. In the first step, 

the spins of unpaired electrons of alkali metal atoms are polarized with laser light 

(Fig. 2.2(a)). By applying circularly polarized light tuned to the Dl transition of .. 

the alkali metal (e.g., 794.7 nm for Rb), population can be selectively depleted from 

one of the mJ sublevels in the ground state; as shown in Fig. 2.2(a), a+ light drives 

population from mJ = -1/2 in the ground state into mJ = 1/2 in the excited state. 

Collisions with other gas-phase species equalize the populations of the excited-state 

sublevels, equilibrating the relaxation rates to the ground mJ sublevels. The depletion 

of the ground mJ = -1/2 sublevel (and subsequent accumulation of population in . 
the ground mJ = 1/2 sublevel) rapidly reaches steady state, leaving the metal vapor 

electronically spin-polarized. 

Often, nitrogen is added to the gas mixture to quench the fluorescence (radiative 

decay) of the electronically excited alkali metal atoms, which would otherwise depo-

larize the electron spins. The probability for radiative decay for the electronically 

excited Rb is given by the branching ratio, w-y [42]: 

3 
W '" -_._-=--

-y '" 3 + 7.5Wa:' 
(2.3) 

where PN2 is the partial pressure of nitrogen at 300 K. Thus, a nitrogen partial pressure 

of about 40 kPa would give w-y ~ 0.01. 
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Figure 2.2: Cartoons ofthe optical-pumping/spin-exchange processes [22]. (a) Optical 
pumping of the electronic spins of the alkali atoms (neglecting the hyperfine (F = 
1+ J) couplings between the electronic and nuclear spins of the alkali metal atom). 
(b) Polarization of the xenon nuclei via collisIon and spin-exchange. 
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In the second step of the optical pumping process (Fig. 2.2(b)), collisions between 

unpolarized noble gas atoms and electronically spin-polarized alkali metal atoms per-

mit spin exchange via Fermi-contact hyperfine interactions between the electron spins 

(8) and the noble gas nuclear spins (I) [40]: 

(2.4) 

where the "flip-flop" term in brackets gives the spin exchange between the alkali metal 

and the noble gas, and the coupling constant a is proportional to the probability of 

finding the unpaired electron of the alkali atom at the nucleus of the noble gas atom, 

and is given by: 

(2.5) 

here 8(r) is the Dirac delta function depending upon the relative distance between 

the electron and the nucleus. 

The collisions may be three-body (as shown in the figure, with nitrogen molecules 

participating in the formation and destruction of the complex) or two-body in nature, 

depending on the species and experimental conditions involved. However, the overall 

spin exchange may be effectively treated as a two-body process under conditions 

typically encountered for NMR applications [23]. The nuclear polarization P of the 
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noble gas after a given duration of optical pumping (t) is governed by the relation: 

(2.6) 

where PRb is the electron spin polarization of the Rb, PSE is the rate of spin exchange 

between the noble gas nuclei and the rubidium electrons, and Po contains all other 

contributions to the longitudinal relaxation of the noble gas nuclei (e.g. wall colli-

sions). Over time (seconds to hours, depending upon the experimental conditions), 

the nuclear polarization of the noble gas will accumulate; yielding values as high as 

several tens of percent. 

The enhanced polarization can be calibrated with a variety of methods [23, 41]. 

The signal enhancement generated with optical pumping is trivially calculated from 

the polarization (or vice versa); For 129Xe polarized to 10%, the enhancement is 

~l1,OOO compared to 129Xe at equilibrium in a 9.4 T magnet at room temperature. 

2.3 Experimental Methods 

2.3.1 The Batch Optical Pumping Apparatus 

There are several variants of the experimental setups used for optically pumping 

noble gases via alkali metal spin-exchange; however, these methods usually fall within 

one of two categories. The first, which will be referred to as the "batch" method, 
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is shown in Fig. 2.3; the particular optical pumping setup shown in the figure is 

similar to that originally used for 129Xe NMR studies of materials surfaces with laser-

polarized xenon [46]. The batch method is the simplest, and is normally used for 

polarizing small amounts of the noble gas at low field and· at relatively low pressure. 

A narrow-bandwidth continuous-wave laser (usually a Ti:Sapphire or diode laser) 

produces a beam tuned to the Dl resonance of Rb. The laser beam becomes circularly 

polarized by passing through a quarter-wave plate. Once expanded with a lens, 

the beam is directed into a glass pumping cell residing in a weak (",20-30 G) but 

homogeneous magnetic field produced by a Helmholtz coil pair; the p:umping cell 

usually contains a few hundred torr of xenon, a drop of Rb, and a small amount of 

nitrogen buffer gas. By uniformly heating the cell (to usually 60-100 °C), a small 

amount of Rb will be vaporized so that it may be optically pumped by the laser. The 

Rb partial pressure, Pm can be estimated using the relation: 

(PRb) 4040 log - ~ 9.318 - -
Pa I 

K 

(2.7) 

when performing optical pumping between the melting point of Rb (312.46 K) and 

about 550 K. Ideally, the "dark space" in the pumping cell (Le., regions not illumi-

nated by the pumping laser) should be minimized. 

Throughout the optical pumping process, the gas line is evacuated (ideally to 

'" 10-5 torr or less) in order to minimize oxygen contamination of the laser-polarized 
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Figure 2.3: Schematic of the classic "batch" optical pumping apparatus (see, for 
example, Refs. [46, 47]). 
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xenon during transfer to the sample. Once the xenon has been polarized, the pumping 

cell is rapidly cooled to condense the Rb. The laser-polarized xenon may be removed 

from the cell and transported to the NMR magnet via a direct transfer line and a 

pump, or as in the case shown in the figure, the xenon may be cryopumped into an 

NMR sample tube by immersing the sample's cold-finger in liquid nitrogen. Once 

the xenon has been frozen into the cold-finger, the sample tube may be transported 

at leisure to the NMR magnet, where for experiments involving liquid samples (see 

Chapters 4, 5 and 8) the xenon'is rapidly sublimated and delivered to the solution 

prior to signal acquisition. The high xenon polarization can be maintained in the 

cold finger for long periods of time by exposing the frozen xenon to a strong magnetic 

field (~500 G [48]), as discussed in the next chapter. Alternatively, the noble gas 

may be optically pumped at high field within. the NMR magnet if the laser beam 

can be directed into the magnet's bore. For a description of high-field alkali metal 

spin-exchange experiments, the reader is directed to the work of Augustine and Zilm 

[49, 50, 51]. 

Such "batch" optical pumping apparati as that shown in Fig. 2.3 are capable of 

producing xenon with nuclear polarization on the order of tens of percent, as shown 

by the 129Xe NMR spectra in Fig. 2.4. In fact, following careful optimization of the 

experimental conditions and the design of the apparatus, a batch optical pumping 

setup has recently been used to produce small amounts of xenon with a nuclear 

polarization approaching 70% [52, 53]. 

I 
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Figure 2.4: 129Xe NMR signal from xenon gas, obtained with (a) and without (b) 
laser-polarization. (a) One scan from a sample containing 2xl017 Xe atoms; (b) 
one scan from a sample containing 5xl019 Xe atoms. The spectrum in (a) reflects 
a 129Xe NMR signal enhancement of rv55, 000 given a magnetic field of about 7 T, 
corresponding to a 129Xe nuclear spin polarization of rv35% [45]. Figure courtesy of 
Holly Gaede. 
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2.3.2 The Continuous-Flow Apparatus 

A second type of apparatus used for producing large quantities of polarized gases 

is shown schematically in Fig. 2.5, and will be referred to as the "continuous-flow" 

setup [54]. We have used our continuous-flow setup exclusively for pumping xenon 

[43, 44]. In our apparatus, 5-10 atm of a gas mixture (comprised of a few percent 

Xe and N2 , with the remainder being helium-4) first flows through a heated chamber 

containing Rb (rv 1 g) on glass wool, where it becomes saturated with Rb, and then 

i flows into the pumping cell. The Rb is optically pumped with a wide-bandwidth, 

high-power (~ 130 W) laser diode array (OptoPower, Inc.). For a review of optical 

pumping with high~power diode arrays, see Ref. [42]. However, this high of power is 

apparently unnecessary, as a reduction in laser power by half results in only a very 

small reduction in spin polarization. Too much laser power can also cause over-heating 

problems with the pumping cell, and one must guard carefully against explosions. 

The purpose of the helium buffer gas is to pressure-broaden the Rb absorption line, 

increasing the pumping efficiency of the wide-bandwidth output of the laser. In the 

near future, more efficient high-power diode lasers will likely be developed with far 

narrower bandwidths, potentially obviating the need for the high-pressure buffer gas. 

Once polarized in the cell, the xenon may be collected in a V-tube immersed in 

liquid N2 , while the buffer gas is released into the atmosphere. Alternatively, the 

V-tube may be removed and the gas flow may be directed into the NMR magnet 

for studying surfaces under continuous-flow conditions; in fact, the polarized gas flow 
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may be recirculated for optical pumping ad infinitum by adding a recirculating pump 

after the NMR magnet and closing the loop by redirecting the exit flow into the 

pumping cell [43, 44] (see Chapters 6 and 7). By using a continuous-flow apparatus, 

on the order of 1 L/hr of laser-polarized xenon can be obtained. A complete contin

uous flow optical pumping apparatus is now commercially available from Magnetic 

Imaging Technologies, Inc. (Durham, NC). Different continuous-flow setups generate 

129Xe spin polarizations on the order of 1-20%. Finally, an alternative design that is 

also capable of generating large quantities of laser-polarized noble gases has recently 

appeared in the literature [55]. 
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10 

Figure 2.5: Continuous-flow apparatus, adapted from the original design in Ref. [54]. 
The broad-band output from a high-power laser diode array (1, 130 W) is coupled 
through optical fibers (2) into a quarter-wave box (3) that. expands the beam and 
renders it circularly polarized. A high-pressure gas cylinder (4) contains a pumping 
mixture composed of a few hundred torr of xenon, a few hundred torr of nitrogen, and 
8-10 atm of helium buffer gas. The gas mixture flows from the cylinder through the 
rubidium storage region (5). Both this region and the pumping cell (6) are heated 
to rv160-180 °C during pumping. The mixture then flows from the cell through the 
rubidium condenser (7); the flow rate is determined by a valve/flowmeter (8). Xenon 
is condensed over time in aU-tube (9) immersed in a dewar'of liquid nitrogen (10), 
while the rest of the gas mixture is blown off into the atmosphere (11). The entire 
pumping process occurs within the fringe field of a superconducting NMR magnet or 
Helmholtz coil pair (not shown). Figure from Ref. [17]. 

I 
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Chapter 3 

Properties of Laser-Polarized 

Noble Gases 

3.1 Physical Properties of Xenon and Helium 

The various phases of xenon conveniently exist in relatively accessible ranges, as 

shown in the phase diagram in Fig. 3.1. ~ile gaseous at room temperature, xenon is 

rapidly frozen at liquid-nitrogen temperatures, facilitating accumulation and storage 

of laser-polarized xenon [56]. Liquid xenon may be obtained at moderate pressures (1-

10 atm) via condensation at "-'170-200 K, and the supercritical phase can be attained 

under conditions that appear mild when compared to most other substances [114]. 

Xenon is a surprisingly effective solvent (see discussion in Chapter 4, and references 

therein). Helium, on the other hand, liquefies at about 4.2 K at 1 atm, and thus 
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virtually all OPNMR applications of helium are performed in the gas phase. 

Helium possesses a self-diffusion constant roughly thirty times that of xenon. The 

self-diffusion constant for helium was recently measured to be 1.8 cm2/s at 1 atm 

and 20°C (a measurement made via NMR experiments with laser-polarized helium 

[199]), compared with a value for xenon of 0.0565 cm2/s [198]. 

Chemically speaking, helium is unreactive; with a few notable exceptions, xenon is 

also chemically inert. However, the highly polarizable electron cloud of xenon causes 

it to be relatively lipophilic, permitting xenon to participate in specific interactions 

with various substances (see Chapter 5). Xenon readily adsorbs to numerous surfaces 

under experimentally convenient conditions (see Chapter 6). Xenon is also more 

soluble than helium by 10-100 times in different solvents and tissue environments 

[59]). 

Xenon is well known in the medical community for its anesthetic properties [60, 61] 

(which likely originate from its lipophilicity), suggesting that xenon NMR may be 

instrumental in elucidating the mechanism of general anesthesia [63]. Both 129Xe 

and 3He are non-toxic, and can therefore be used in high concentration in breathing 

mixtures for in vivo studies. However, xenon's anesthetic properties require that 

fractional xenon concentrations below 35% be used in breathing mixtures during 

occasions when it is necessary to avoid residual anesthetic effects [62]. 
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Figure 3.1: Phase diagram of xenon. Triple point: 166.1 K, 0.8 atm; critical point: 
289.7 K, 58 atm. Adapted from Ref. [58]. 
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3.2 NMR Properties of Xenon and Helium 

As summarized in Table 3.1, xenon possesses two NMR-active isotopes (129Xe, I 
1= 1/2 and 131Xe, I = 3/2), both with sufficient natural abundance. 3He (I = 1/2) is 

also commonly used in OPNMR experiments. While noble gas isotopes with I> 1/2 

can be optically pumped, their quadrupolar moments give spin-lattice relaxation times 

in condensed phases that are too short to be practical for most NMR applications. 

With careful preparation of storage vessels, the high polarization of 129Xe and 3He 

can be maintained for long periods of time (hours to days). For example, The Tl of 

129Xe was measured to be ",3 hrs at 77 K, and :2:100 hrs at 4.2 K [48, 56] when kept 

at high field (> 500 G); without the external field, the polarized 129Xe will relax by 

coupling to the quadrupolar 131Xe present in the lattice. When delivered to samples 

for NMR study, the Tl of 129Xe is typIcally over two orders of magnitude longer than 

that of 131 Xe. For these reasons, 129Xe is the xenon isotope predominately used in 

OPNMR applications. 

Isotope Natural abundance (%) Spin (1) '/'H. 
l:.l!JXe 26.44 1/2 -0.2781 
131Xe 21.24 3/2 0.0824 
3He 1.3 x 10-4 1/2 -0.7618 

Table 3.1: Some physical parameters of three noble-gas isotopes 

Neith~r helium nor xenon is naturally present in most samples of interest (e.g. 

living organisms), and thus there is no background signal to· complicate experimental 
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interpretation. In principle, 3He would be the preferred isotope for MRI experi-. 

ments because of its higher gyromagnetic ratio; however, its higher diffusion constant 

could limit the gas-phase image resolution in some circumstances. These properties 

also require that the experimentalist take special care to minimize moving the he-

lium through strong field gradients when transporting laser-polarized helium from 

the pumping chamber to the sample; the longitudinal relaxation rate resulting from 

diffusion in an inhomogeneous field is given by: 

'VB 2 (2) ('YIG)2 PI ~ -Tc V --
3 WI 

(3.1) 

where (v2 ) is the averaged square of the velocity of the gas atoms, Tc is the mean 

time between atomic collisions, and G is the field gradient transverse to the external 

magnetic field. 3He also has the disadvantage of uncertain long-term availability. 

While 129Xe is present as a trace gas in the atmosphere with relatively high natural 

isotopic abundance, 3He is effectively a non-renewable resource. Once 3He is obtained 

(from tritium decay) and used, it eventually escapes the atmosphere and is lost. 

Because of xenon's highly polarizable electron cloud, the chemical shift of xenon is 

exquisitely sensitive to its surroundings. Streever and Carr were the first to observe an 

apparently linear dependence of the xenon chemical shift on the density at moderate 

pressures [64]. Subsequent work by Jameson and co-workers yielded an empirical 
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equation for determining the xenon chemical shift [65]: 

8 = [Xe]8~(Xe - Xe) + [Xe]282(Xe - Xe) + ... (3.2) 

where the parameter 81 (Xe - Xe) is a temperature-dependent quantity. For example, 

the 129Xe resonance was determined to shift 0.539 ppm/amagat at 298 K (an amagat 

is the density of an ideal gas at STP, and corresponds to 2.69 x 1019 atoms / cm3
) 

[65]. The parameter 82(Xe - Xe) was also determined to be temperature-dependent; 

however at temperatures greater than about 298 K, 82(Xe - Xe) is effectively con

stant, with a value of ::::::0.169 x 1O-3 ppm/amagat [65]. The dependence of the xenon 

chemical shift on density and pressure at different temperatures is plotted in Fig. 3.2. 

The linear dependence ofthe chemical shift upon the density (shown in Fig. 3.2(a)) is 

clear, and holds for densities below 100 amagat. However, the dependence of the shift 

upon the pressure (shown in Fig. 3.2(b)) becomes nonlinear at rv30 atm, resulting 

from the non-ideal behavior of xenon at increasingly high pressures. 

The chemical shift range of xenon in different chemical environments is over 7000 

ppm wide (Fig. 3.3), again resulting from the highly polarizable electron cloud of 

xenon. While the large shift range results largely from strong electron de-shielding 

in the xenon compounds, it is impressive to note that a range of over 200 ppm 

may be obtained merely by dissolving xenon in different liquids [66]. Considerable 

work has therefore exploited such properties by using xenon as a non-destructive 
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Figure 3.2: Chemical shift of gaseous xenon as a function of density (a) and pressure 
(b) at 22°C (open circles), 27°C (filled circles), 47°C (open squares), and 67 °C 
(filled diamonds). The curves were calculated from the temperature and density 
dependence of the xenon chemical shift described in Ref. [65]; the xenon pressure 
was determined from the specific volume, i.e., the inverse density of the xenon which 
is tabulated as a function of pressure and temperature [79]. The dashed lines in (a) 
indicate the conditions under which the spectrum in Fig. 4.9 was obtained, while the 
dashed line in (b) marks the critical pressure of xenon. 
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magnetic resonance probe of various chemical environments (for review, see Refs. 

[67, 66, 68, 69, 70, 71]). Numerous examples where optically pumped 129Xe NMR is 

used to probe such environments can be found throughout this thesis. 

Except in cases involving xenon compounds (e.g., XeF6 and Xe04), NMR studies 

of xenon will usually occur in the presence of exchange phenomena. Thus, multi-site 

exchange models are often used to interpret 129Xe spectra. Naturally, the simplest 

non-trivial version, the two-site exchange model, can be adopted for discussions re

garding xenon exchange between two different environments (e.g., red blood cells and 

plasma, discussed in detail in Chapter 8). 

We say that the exchange between two sites is "slow" on the NMR time scale 

when two lines can be resolved in the NMR spectra originating from the exchanging 

species. In general, for chemical exchange between two equally populated sites, the 

limiting condition of slow exchange can be written as: 

(3.3) 

where /).V is the difference in frequency between the resonances of the species at each 

site, and Tres is the average residence time; 7-res = (ktl, where k is the exchange 

rate. A derivation of the equivalent form of Eq. 3.3 for the case of asymmetric 

exchange is beyond the scope of this thesis; a discussion of this topic, and dynamic 

NMR spectroscopy in general, can be found in Ref. [80]. The trends predicted by 
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Figure 3.3: Chemical shift values for xenon in various environments. Adapted from 
Ref. [45]. 
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Eq. 3.3 can still be helpful, however, even under conditions of asymmetric exchange. 

In conditions of fast xenon exchange (such as that observed in solutions of xenon and 

hemoglobin, where Tres rv 3 J-LS [81]), only one peak is observed, whose chemical shift 

is a population-weighted average of the two (or more) different environments. Thus, 

under conditions of slow exchange, it is easier to extract information regarding the 

different xenon environments. Luckily, the wide chemical shift range of xenon lowers 

the limit of slow exchange (as suggested by Eq. 3.3); naturally, this condition can 

also be somewhat extended by using stronger external magnetic fields. 

3.3 Some Experimental Considerations for Laser-

Polarized Noble Gases 

With the additional property of increased nuclear polarization from optical pump-

ing, laser-polarized noble gases have attracted considerable interest for greatly en-

hancing sensitivity when probing substances and living tissues via NMR and MRI 

(for review, see Refs. [57, 45, 63, 67, 17, 40, 74, 73]. The non-renewable nature 

of the polarization does, however, complicate their use for many NMR/MRI appli-

cations. For most experiments, acquisition pulses applied directly to resonances of 

laser-polarized gases must be of small tipping angle in order to avoid using up all of 

the polarization at once; the application of each rf observation pulse of tipping angle 

-
a reduces the remaining z-component of the magnetization by a factor of cos(a). 

i ' 
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The only way to replenish the signal for aver~ging (or repetition) is to deliver fresh 

polarized gas to the sample (e.g., by continuous flow [43, 44]). This decrease in z 

magnetization with pulsing can also cause artifacts in images and spectra. Amelio-

rating thes'e and other problems with the application of cleverly-designed NMR pulse 

sequences has already been the subject of considerable work (see for example, Refs. 

[75, 76, 77, 78]). 

The non-renewable nature of the polarization can also be advantageous in biomed-

ical applications for two reasons: 1) the polarization can be permanently destroyed at 

will with high efficiency and locality using standard MRI techniques, and 2) dilution 

and short in vivo relaxation times should cause contribution to the signal from recir-

culation to be negligible. These characteristics should greatly simplify interpretation 

when using polarized gases as tracers to measure local blood flow. Additionally, be-

cause the non-equilibrium nuclear polarization of laser-polarized gases is independent 

of the applied magnetic field, OPNMR/MRI can be performed at low fields. This 

potential advantage will be discussed in greater detail in Chapter 9. 
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Chapter 4 

"Lighting Up" the NMR 'of 

Molecules I: Non-Specific 

Interactions 

4.1 Introduction 

The increased nuclear polarization from optical pumping has attracted consider

able interest for using laser-polarized 129Xe to enhance sensitivity when probing sub

stances via 129Xe NMR (for review, see Refs. [57, 45, 63, 67, 17, 40, 74]). However, 

the information obtained in this manner is still indirect, requiring that underlying 

structure and dynamics be inferred from the observed chemical shift, chemical-shift 

anisotropy, or relaxation parameters of xenon in intimate contact with the substance 

= 
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being studied. Thus, in many circumstances it more direct method of probing such 

substances would be desired. Moreover, any means by which the overall NMR signal 

from molecules and materials themselves can be increased would be generally wel

comed. For these reasons, considerable work has investigated the possibility of trans

ferring polarization from laser-polarized xenon (and helium) to other nuclei, thereby 

"lighting up" the NMR of species interacting with laser-polarized noble gases. 

The following two chapters contain numerous examples of polarization transfer 

experiments used to enhance the NMR signals of molecules, particularly in solution. 

This chapter is concerned with non-specific effects, i.e., situations in which there are 

no specific interactions between the laser-polarized gases and the molecules being 

studied (xenon binding in the hydrophobic pockets of molecules, for example). Of 

p;:trticular interest is the so-called spin polariz~tion-induc~d nuclear Overhauser ef

fect (or SPINOE). Special attention is given towards a theoretical description of the 

SPINOE, which will be useful for much of the remainder of this thesis, as well as 

a description of recent experimental work involving SPINOE enhancement of NMR 

signals of various solute species. Finally, this chapter assesses the feasibility of using 

laser-polarized xenon as a polarizing solvent to enhance the NMR signals of dissolved 

species, and concludes with a discussion of the ultimate limitations on SPINOE en

hancement. 
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4.2 Polarization Transfer via Low-Field Thermal 

Mixing 

Soon following predictions that polarization could be transferred from laser-polar-

ized xenon to enhance the NMR signals of other substances [46], polarization transfer 

was first experimentally demonstrated.when 131Xe NMR signals from xenon ice were 

enhanced by low-field thermal mixing with laser-polarized 129Xe [48]. Low-field mixing 

involves adiabatically sweeping the external magnetic field through a regime where 

the difference between the Zeeman energies of the two spin baths (in this case, 129Xe 

131 Xe spins in xenon ice) is matched by their dipolar coupling. 

Following thermal mixing, the two spin baths (generally speaking, I and S=129Xe) 

share a common inverse temperature, /3, given by: 

(4.1) 

where a is the inverse spin temperature of 129Xe given by optical pumping; it has 

been assumed that 1=1/2. 

Low-field thermal mixing has since been used to enhance the spin polarization of 

other nuclei in intimate contact with laser-polarized xenon [82, 83]. In one study, the 

13C NMR signals from CO2 molecules embedded in a laser-polarized xenon ice matrix 

were enhanced by a factor of rv200 (at 4.2 T), as shown in Fig. 4.1 [82]. Figure 4.1(a) 
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shows the enhanced 13C CSA of CO2 following zero-field mixing with laser-polarized 

xenon; Fig. 4.1 (b) shows a spectrum taken from a sample prepared identically as that 

observed in (a), except that the xenon was prepared with the opposite polarization. 

The change in phase of the 13C NMR signal demonstrates that the observed effect 

originates from polarization transfer from the laser-polarized xenon in the matrix. 

Polarization has also been transferred successfully from laser-polarized xenon to 

materials surfaces by rf-driven Hartmann-Hahn cross-polarization [84, 85, 86] through 

dipolar couplings at high field [87, 88] (discussed in more detail in Chapter 6). Both 

low-field mixing and high-field cross-polarization require either a) that the nuclei 

to be polarized have been embedded in a laser-polarized xenon ice matrix [48, 82] 

or b) that laser-polarized xenon has been immobilized onto the material's surface 

[83, 87, 88). Both of these preparations can be difficult to achieve in practice. More-

over, these methods cannot be employed for intermolecular polarization transfer in 

isotropic liquids, because dipolar couplings are averaged away by the rapid tumbling 

and translational diffusion of molecules in solution. Therefore, a different physical 

process must be exploited in order to obtain polarization transfer and subsequent 

signal enhancement in solution. 
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Figure 4.1: Enhancement of NMR signals of 13C02 obtained from low-field thermal 
mixing. (a) 13C NMR signal obtained with one scan following low-field thermal mixing 
of a matrix comprised of spin-labeled CO2 embedded in laser-polarized xenon ice. The 
curve superimposed upon the experimental data represents a theoretical fit to the 
13C CSA. (b) As in (a), but with oppositely polarized xenon. (c) Control spectrum 
obtained by taking 64 scans of 13C02 gas. Figure adapted from Ref. [82]. 
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4.3 The Spin Polarization-Induced Nuclear Over-

hauser Effect 

4.3.1 First SPINOE Experiments 

It was recently shown that when laser-polarized xenon was dissolved in benzene, an 

enhancement of the benzene 1 H NMR signal could be observed [89], shown in Fig. 4.2. 

This transient enhancement of the IH signal is a consequence of cross-relaxation and 

polarization transfer between the dissolved laser-polarized xenon and the surrounding 

solution spins, a novel manifestation of the nuclear Overhauser effect (NOE). The 1 H 

NMR signal of pure benzene was observed to be enhanced by about 10% (at 4.3 T) 

following dissolution of laser-polarized xenon, while the IH NMR signal of partially 

deuterated benzene (25% C6D5H, 75% C6D6) was enhanced by a factor of rv2. As 

shown in Fig. 4.2, reversing the polarization of the laser-polarized xenon brought 

about a concomitant change in the sign of the observed signal enhancement, again 

demonstrating that the effect resulted from the enhanced polarization of the laser-

polarized xenon. Finally, it was demonstrated that the enhanced proton polarization 

could be imaged (shown in Fig. 7.3 of Chapter 7), suggesting the possibility of using 

cross-relaxation with dissolved laser-polarized xenon to perform novel in vivo 1 HMRI 

experiments. 
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Figure 4.2: Time dependence of the integrated 1 H NMR signal from a partially deuter
ated benzene solution containing dissolved laser-polarized xenon [89]. The SPINOE 
produced positive benzene 1 H NMR signal enhancements when "positively" polarized 
xenon was dissolved (open circles), and negative signal enhancements when "nega
tively" polarized xenon was dissolved (filled diamonds). Adapted from figure courtesy 
of Yi-Qiao Song. 
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4.3.2 Theoretical Background 

53 

The above phenomenon has been called the spin polarization-induced nuclear 

Overhauser effect (SPINOE) [89]. In order to better understand the SPINOE, the 

underlying principles of nuclear dipolar cross-relaxation are reviewed, and slightly 

recast in light of the unique properties of laser-polarized noble gases. 

Consider two ensembles comprised of spins I and S (where, for the time being, we 

will assume that 1=1 Hand S=129Xe) participating in mutual dipolar cross-relaxation 

(Fig. 4.3). The time-dependent behavior of the coupled spin baths can be described 

by the Solomon equations [92, 93, 94]: 

(4.2) 

(4.3) 

PI (ps) is the auto-relaxation rate for spin I (S), aIS (asI) is the It-S (St-I) cross-

relaxation rate, (1z) and (Sz) are respectively the ensemble~average values of the z 

component of the f and § nuclear spin operators, and 10 and So are their equilibrium 

values; for example, 

J, = I (I + 1) li'IBO 
o 3kT' (4.4) 

For spin-I = 1/2 nuclei, 10 = P/2. 
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Figure 4.3: Macroscopic (a) and microscopic (b) pictures of the SPINOE. (a) Po
larization enhancement of the proton spin bath (I) is achieved via cross-relaxation 
with laser-polarized xenon (S), governed by the cross-relaxation rate, (J ((JIS = 

(JSI • (Nsf NI )). The polarization enhancement for the protons is limited by the 
respective autorelaxation rates of both spin baths, PI and Ps. (b) General two-spin 

. model for the NOE, assuming positive gyromagnetic ratio for both spins. The transfer 
of population among the four levels is governed by WI and W{ (the single-quantum 
transition probabilities), which contribute to the autorelaxation of the spins, and Wo 
and W 2 (respectively the zero-quantum and double-quantum transition probabilities), 
which contribute to both the cross-relaxation and autorelaxtion rates. 
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A full solution of Eqs. 4.2, 4.3 can be found in the literature [95], as can a 

detailed review of the SPINOE [96]. The SPINOE enhancement for an ensemble 

of proton spins participating in dipolar cross-relaxation with laser-polarized 129Xe is 

well-approximated by: 

(4.5) 

where fH(t) = [(IAt)) - 10]/10 is the fractional polarization enhancement of the pro-

tons, and fXe(O) is the fractional polarization enhancement for the xenon endowed by 

optical pumping. Figure 4.4 shows the time dependence of the SPINOE enhancement 

as calculated by Eq. 4.5. Equation 4.5 assumes that the spin-lattice relaxation time of 

129Xe, Tl Xe, is much greater than that measured for the protons, Tl H (generally true 

for 129Xe in solution), or that the xenon spin polarization is maintained by continuous 

flow (Fig. 4.4) [43, 44]. 

Equation 4.5 governs the initial rise in signal shown in the curves in Fig. 4.4 

(as well as that manifested in the experimental data shown in Fig. 4.2); the latter 

exponential decay towards equilibrium is governed by T1
Xe . Given the value of Tl H, 

the initial 1 H NMR enhancement observed over a given time can be used to compute 

(JHXe. As will be discussed in the next chapter, (JHXe not only governs the polarization 

transfer, but can yield important structural and dynamical characteristics of the 

molecule-xenon interaction. 
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Figure 4.4: Calculated time dependence of the SPINOE signal, including (solid line) 
and not including (dotted line) the exponential decay caused by the eventual 129Xe 
spin-lattice relaxation. Curves were calculated with PH = 2 S-l, (jHXe = 0.001 S-l 

and PXe = 0.05 S-l (for the solid curve). Behavior such as that shown with the dotted 
line may also be seen under conditions of continuous flow of laser-polarized xenon (see 
Refs. [43, 44] and the discussion in Chapter 6). 
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Recall that in the two-spin model, the nuclear spin cross-relaxation and auto-

relaxation rates are generally given by (for example) [93]: 

(4.6) 

(4.7) 

where each transition probability between two given states (/1/Ii) , /1/Ij)), Wij can be 

derived from the familiar Fermi Golden Rule: 

(4.8) 

where each state is a member of the four-level diagram shown in Fig. 4.3, and HD(t) 

is the (time-dependent) dipolar Hamiltonian from Chapter 1; the time-dependence 

originates from the random reorientations and relative diffusive motion of the species 

involved. 

It can be shown that the SPINOE cross-relaxation rate between laser-polarized 

xenon and protons can be explicitly written as: 

(4.9) 

where THXe is the proton-xenon internuclear distance, 0 denotes the ensemble aver-
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(4.10) 

where Tc is the correlation time associated with the fluctuations of the H-Xe dipo-

lar interactions. Thus, both (r-6 HXe) and Tc control the size and'selectivity of the 

observed H-Xe cross-relaxation rates. 

A plot of the dependence of (7HXe on the correlation time is shown in Fig. 4.5. 

From Eq. 4.9 it can be shown that (7HXe is always positive (regardless of the correla-

tion time or the external field strength), resulting from the large difference between 

the gyromagnetic ratios of 1 Hand 129Xe. Therefore, it is expected that when "posi-

tively" polarized xenon is dissolved into solution, positive SPINOEs will be observed 

(to avoid confusion with the previous literature originating from the negative sign of 

"(Xe, here we define "positively" polarized xenon to be xenon laser-polarized in the 

same direction as its equilibrium polarization (with the population of m[ = -1/2 

greater than the population of m[ = +1/2), therefore giving a positive value for 

JXe(O)). This behavior is, in fact, observed in Fig. 4.2; conversely, the admission of 

"negatively" polarized xenon (produced by inverting the magnetic field in which the 

xenon was laser-polarized) brought about a corresponding negative SPINOE in the 

benzene IH NMR signal. Fig. 4.5 also predicts that the cross-relaxation rate will 

have its greatest value at WHTc ~ 0.68. An increase in the correlation time from a 
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few ps (WHTc = 0.01 - 0.02 at 9.4 T) to a value corresponding to the maximum (with 

Tc in the range 0.2-0.5 ns) gives rise to a rv20-fold increase in the cross-relaxation 

rate. However, this increase in (J'HXe does not necessarily translate into an increase 

in the observed SPINOE enhancement. For example, in real systems large enough to 

bind xenon, the increased correlation time characterizing the H-Xe dipolar interac-

tions would generally be accompanied by a corresponding increase in the correlation 

time characterizing the H-H dipole-dipole interactions, and a concomitant reduction 

of proton auto-relaxation time. 

Diffusion-Modulated Dipolar Cross-Relaxation 

The dipolar relaxation between xenon and benzene is modulated by the relative 

diffusive motion between these two species. The time scale for such an interaction is 

typically short (a few ps), thereby fulfilling extreme narrowing conditions. From the 

data shown in Fig. 4.2, it was determined that cross-relaxation rate was rv1.9 x 10-6 

S-l, in general agreement with theoretical estimates of diffusion-modulated cross-

relaxation between protons and 129Xe in solution [89], as discussed below. 

Molecular dynamics simulations can be extremely helpful for understanding in-

termolecular relaxation (for examples regarding xenon spin relaxation in solution, 

see Refs. [97, 98]), however, such simulations tend to be computationally expen-

sive. Instead, simpler models of intermolecular relaxation exist that despite their 

reliance upon crude assumptions [93], can give reasonable qualitative descriptions of 
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Figure 4.5: Illustration of the dependence of the IH_129Xe cross-relaxation rate, 
aHXe, on the correlation time [47], where wH[6J(WH + WXe) - J(WH - WXe)] = 

6wHTc/[1 + (I'Xe/'YHI)2whT;] - wHTc/[l + (1 - I'YXe/'YHI)2whT;]. Two points on the 
curve are marked; WHTc ~ 0.68 corresponds to the curve's maximum, while WHTc ~ 1.5 
corresponds to the experimentally measured value for xenon in cryptophane-A at 9.4 
T, a system described in detail in the following chapter. 
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intermolecular dipole-dipole relaxation processes. For example, it can be shown that 

when the cross-relaxation is modulated by relative diffusive motion, alB should be 

linearly dependent upon the concentration of molecules bearing spin S; thus in our 

case, aHXe is dependent on [Xe]. In fact, such a dependence arises from the ensemble 

average of rj/Xe. In a pairwise additivity scheme for xenon-solute interactio~s, (rj/Xe) 

is given by the relation: 

(r-6 ) = .[47rN 10-27 ()CdR. R2J do'· g(R,o')· rH~el' [Xe] 
HXe A io J do' ' 

(4.11) 

where R is the distance between the Genter-of-mass of the solute molecule and the 

xenon atom (with both Rand rHXe in A), NA is Avogadro's number, 0, represents 

the angular variables specifying the relative orientation of the solute-xenon pair, and 

g(R,o') is the solute-xenon pair distribution function. Incidentally, because (to a 

good approximation) (rH~e) is proportional to [Xe] , a concentration-normalized H-

Xe cross-relaxation rate, aiIxe (s-lM-1), may be defined such that 

(4.12) 

where a1rxe explicitly refers to cross-relaxation originating from purely diffusive cou-

pling. 

Concerning the dynamics of the diffusive coupling, it is clear that an upper bound 

for the correlation time is provided by the residence time of xenon in the solvation shell 
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of the solute (usually a few picoseconds). Thus, the condition of extreme narrowing 

((WTc)2 « lspintheoTY) ) is thereby fulfilled in normal circumstances. The proton-

xenon cross-relaxation rate resulting from diffusive coupling is then given by: 

(4.13) 

where Ti explicitly refers to the correlation time governing the diffusive coupling 

between xenon and the other spin. 

One should remember that Ti may be completely unrelated to the correlation time 

controlling the proton dipole-dipole intramolecular relaxation of the solute molecule 

participating in cross-relaxation with xenon. For instance, in circumstances where 

the molecular mass of the solute significantly exceeds the xenon atomic mass, the 

tumbling motion of the solute molecule is expected to be slow on the timescale of 

the residence of xenon atoms in the solvation shell of the solute. Consequently, the 

magnitude of the SPINOE signal resulting from diffusive coupling should generally 

decrease for increasing solute size (not because a1ixe is affected, however, but because 

the proton auto-relaxation time is reduced). 

The order of magnitude of a''Hxe and a1ixe can now be estimated by assuming the 

system is a monatomic fluid and by using a Heaviside step function as an approxima-

tion for the radial pair distribution function (g( T) = 0 for T < TO and 1 otherwise) in 
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( 4.14) 

where ro is the proton-xenon minimum approach distance. Thus, given rg = 5 ps and 

ro rv 3.0-3.2 A, a"lIxe is estimated to be on the order of 10-5 s-l M-1 from Eq. 4.13). 

Finally, because the solubility of xenon in organic solvents under standard conditions 

is on the order of 0.1 M, a1Ixe is expected to be on the order of 10-6 S-l. Indeed, 

this prediction is in excellent agreement with the value of rv1.9 x 10-6 S-l observed 

between benzene protons and dissolved laser-polarized xenon [89]. 

In the framework of the dipolar-coupled two-spin model, the auto-relaxation of 

the protons would be solely a consequence of dipole-dipole interactions with laser-

polarized 129Xe. However, molecules in solution contain many-spin systems, so inter-

molecular 1 H_129Xe dipole-dipole interactions are not likely to contr~bute significantly 

to the 1 H auto-relaxation rate. For solutes at low concentration in deuterated sol-

vents, when no paramagnetic species are present, intramolecular 1 H_1 H dipole-dipole 

interactions normally dominate the auto-relaxation of protons (especially in molecules 

large enough to bind xenon), although other mechanisms, such as spin-rotation cou-

pling, may contribute to the relaxation of small molecules such as benzene or parts of 

molecules, like methyl groups. Therefore, the simplest realistic model for 129Xe----*1 H 

polarization transfer requires at least a three-spin system comprised of two interact-
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ing protons and one xenon atom participating in dipolar interactions with only one 

of the proton sites. Such a three-spin model can be found in Ref. [47]. However, 

for the purpose of interpreting experimental SPINOE spectra, the two-spin model is 

usually sufficient, provided that the experimental spin-lattice proton relaxation times 

are considered. 

4.3.3 Pulse Sequence Considerations 

In the Xe/benzene experiments discussed above, the SPINOE enhancements were 

between 10% and 200%, large enough to observe by acquiring the 1 H signal as a func-

tion of time, and carefully subtracting the equilibrium 1 H signal from each spectrum. 

In many cases, the NMR signal enhancement obtained via the SPINOE will be small 

compared to the equilibrium NMR signal for a given species, necessitating an NMR 

pulse sequence designed to directly obtain the SPINOE contribution to a given signal. 

A heteronuclear NOE sequence adapted from the sequences of Shaka and co-workers 

[99, 100] is shown in Fig. 4.6; an NMR signal obtained with this sequence will be 

referred to as a SPINOE spectrum. The sequence in Fig. 4.6 effectively suppresses 

the equilibrium NMR signal, conveniently allowing direct detection of NOE signals 

as weak as rv 10-4 of the equilibrium signal. 

The first element of the sequence, a small tipping-angle observation pulse on the 

129Xe, is applied prior to the acquisition of 1 H SPINOE spectra, and is necessary 

only for calibrating the xenon polarization to calculate absolute values for the Xe-H 
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Figure 4.6: Heteronuclear difference NOE pulse sequence for obtaining SPINOE spec
tra [47], adapted from sequences developed by Shaka and co-workers [99, 100]. 
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cross-relaxation rates. Saturation of the equilibrium 1 H signal is first achieved by the 

application of the 900 and gradient pulses; the saturation is then maintained by a 

1800 pulse followed by a gradient pulse. The 129Xe pulse permits the SPINOE signal 

to accumulate during 71 and 72. The values of 71 and 72 are normally chosen such that 

their sum is much less than T1
Xe , and their ratio minimizes the equilibrium proton 

signal detected in the absence of SPINOE polarization transfer. The IH and 129Xe 

1800 pulses are often adiabatic, modulated pulses (see for example, Refs. [101, 102]) 

to insure efficient, wide-band inversion. Generally, each SPINOE spectrum is the 

difference of two acquisitions. 

The difference SPINOE pulse sequence in Fig.· 4.6 was first applied to directly ob-

serve the cross-relaxation between dissolved laser-polarized xenon and p-nitrotoluene 

in a perdeuterated benzene solution [103]; the corresponding SPINOE spectra are 

shown in Fig. 4.7. Specifically, Figs. 4.7(a,c) show the NMR signal originating exclu-

sively from cross-relaxation with laser-polarized xenon, while Fig. 4.7(b) contains the 

NMR signal observed with the same pulse sequence, except without the application of 

the 129Xe 1800 pulse (thereby preventing SPINOE accumulation). The lack of signal 

in Fig. 4.7(b) demonstrates the effectiveness of the pulse sequence in Fig. 4.6 for 

suppressing the equilibrium signal. 

In rare circumstances (e.g., with systems that participate in strong xenon binding 

such that the xenon exchange is slow with respect to the NMR time scale) it may be 

experimentally difficult to achieve perfect inversion of the xenon magnetization. In 
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Figure 4.7: IH SPINOE spectra from a solution of 0.1 M p-nitrotoluene and d5/d6-

benzene containing dissolved laser-polarized xenon [103]. (a) Spectrum acquired fol
lowing the introduction of "positively" polarized xenon. (b) As in (a), but without the 
application of the 129Xe ,180° pulse, demonstrating complete suppression of the equi
librium proton signal. (c) As in (a), but with "negatively" polarized xenon, yielding 
a corresponding sign change in the IH SPINOE spectrum. 
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such cases, it may be necessary to explicitly account for the inefficiency of the 129Xe 

1800 inversion pulses when calculating the experimental cross-relaxation rates [47]. 

4.4 Using Xenon as a Polarizing Solvent 

In the absence of strong xenon binding, the observed Xe-H cross-relaxation rate is 

proportional to the concentration of xenon in the solution; therefore, higher concen

trations of laser-polarized xenon should yield larger SPINOE enhancements for other 

solute species. To maximize this effect, recent work has investigated the use of laser

polarized xenon as the solvent in SPINOE experiments. Increasing the nuclear spin 

polarization of moleGules in solution could be useful for a variety 6f liquid-state NMR 

and MRI experiments, especially in circumstances where the observed nucleus is in 

low natural abundance or the species in question are short-lived. Moreover, because 

xenon is transparent to UV, visible, and mid-IR radiation, it is an attractive sol

vent for in situ spectroscopy (e.g. for studying the photochemistry of organometallic 

substances) . 

4.4.1 Liquid Laser-Polarized Xenon 

Liquid xenon is a surprisingly effective solvent for small organic molecules; it 

can even be used to dissolve certain inorganic complexes and biomolecules [104, 105, 

106, 111]. Liquid laser-polarized xenon has been successfully produced and studied 
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via NMR [107, lOB, 109]. For example, by carefully preventing contamination from 

paramagnetic oxygen, it was determined that the Tl of liquid laser-polarized xenon 

was about 25 min. [107], long enough to permit significant polarization transfer to 

solute species. And unlike the solid phase, it was shown that the high, non-equilibrium 

polarization of liquid laser-polarized xenon could be maintained for long times at low 

field; the dipolar coupling between laser-polarized 129Xe and quadrupolar 131 Xe that 

dominate 129Xe Tl in the solid phase is quenched by the random diffusive motion in 

solution. 

Liquid laser~polarized xenon has since been used to significantly enhance the NMR 

signals of dissolved molecules [110]. By performing the experiments below 200 K, 

such experiments could be performed at relatively low pressures without prohibitively 

sacrificing the solubility of the small organic molecules being studied. For example, 

when toluene was dissolved in liquid laser-polarized xenon, 1 H NMR signals from 

the aromatic and methyl protons were respectively enhanced by factors of 16 and 

6 at 1.4 T, as shown in Fig. 4.B. It is also interesting to note that the observed 

differential enhancement cannot be entirely attributed to the large difference between 

the TIH values measured for these protons (aromatic protons: TIH = 21 s; methyl 

protons: TIH = 6.1 s), suggesting either a physical difference between the respective 

xenon-proton interactions (e.g., a difference in average xenon proximity for the two 

types of protons), or more simply, significant 1 H_l H polarization transfer via "relayed" 

SPINOE (see Ref. [47]). A factor of 45 enhancement was achieved for the IH NMR 
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signal of dissolved cyclopropane by using 71% 129Xe-enriched laser-polarized liquid 

xenon (again at 1.4 T and 200 K). Such polarization-transfer experiments are not 

limited to enhancing the NMR signals of protons, however. By dissolving 13CS2 in 

liquid laser-polarized xenon, it was shown that the 13C NMR signal could be enhanced 

by a factor of 74 at 1.4 T. 

4.4.2 High-Pressure Experiments 

The feasibility of using supercriticallaser-polarized xenon as a polarizing solvent 

was also recently investigated [58]. While requiring the use of high-pressure sample 

tubes, the supercritical phase offers many tantalizing advantages. The solubility 

characteristics of xenon improve significantly in the supetcritical phase [112, 113, 114], 

and the higher and broader temperature range is generally more convenient for a 

variety of chemical and biophysical experiments. The low viscosity of supercritical 

solvents leads to narrow solute linewidths, especially for those containing quadrupolar 

nuclei [115, 116, 117]. Furthermore, the density of supercritical xenon, and hence 

its physical properties (e.g., the solubility parameters and dielectric constant), are 

strongly pressure dependent [118]; the physical properties ofthe solvent can therefore 

be manipulated to provide specific solvent environments [113]. The enhanced thermal 

stability of biomolecules in supercritical solvents may also prove advantageous for 

certain experiments [119, 120]. 

In the first experiments, the supercriticallaser-polarized xenon samples were pre-
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Figure 4.8: IH NMR signal from toluene dissolved in liquid xenon at 200 K and 1.4 
T, with (a) and without (b) laser-polarization [110]. By dissolving toluene in liquid 
laser-polarized xenon, the NMR signal from the methyl protons was enhanced by a 
factor of 6, while the signal from the aromatic protons was enhanced by a factor of 
16. These enhancements were obtained with natural isotopic abundance of 129Xe, and 
with 129Xe nuclear polarization of about 7%. Figure adapted from data courtesy of 
Karen Sauer. 
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pared in a high-pressure Pyrex capillary tube. This tube had to be pressure-checked 

frequently in order to guard against explosions. Such Pyrex tubes have now been 

discarded in favor of sapphire tubes which are considerably more pressure-tolerant. 

Following optical pumping in a batch apparatus, the laser .. polarized xenon gas was 

first cryopumped into a region of smaller volume, and I;e-sublimated to generate a 

moderately high xenon pressure (",10 atm). This initial step permitted the xenon 

to be condensed as a liquid into the the high-pressure capillary tube, conveniently 

preventing solid xenon blockages from forming in the capillary tube during freezing. 

The sample tube was then immersed in a beaker of hot water and placed in the NMR 

magnet. 

Figure 4.9{a) shows a 129Xe NMR spectrum of supercriticallaser-polarized xenon, 

while the corresponding equilibrium spectrum. taken several hours later is shown in 

Fig. 4.9(b). The inverted phase of the signal in Fig. 4.9(a) results from the direction 

of the magnetic field in which the xenon was laser-polarized. The chemical shift of the 

equilibrium spectrum (44.5 ppm) taken at room temperature (~22 DC) corresponds 

to a xenon density of approximately 81.5 amagat [65]. The difference in chemical shift 

between the laser-polarized and equilibrium spectra (combined with knowledge of the 

internal xenon density) can be used to calculate an internal temperature and pressure 

of ",52°C and ",65 atm for the conditions in which spectrum (a) was taken, well 

beyond the critical point of xenon (16.6 °C, 57.6 atm) [124]. The broader linewidth 

of the spectrum in Fig. 4.9(a) may be a result of local density fluctuations in the 
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thermally non-equilibrated sample. 

The laser-polarized 129Xe signal indicated a nuclear spin polarization about 140 

times that of the equilibrium polarization. Of course, this enhancement factor rep

resents a loss of almost two orders of magnitude compared to the 129Xe polarization 

typically prepared by the batch optical pumping apparatus; it is likely that para

magnetic impurities in the metal valves and tubing were responsible for this loss in 

polarization. Since this preliminary work, the use of sapphire tubes and improved 

efficiency of sample preparation have permitted supercritical laser-polarized xenon 

samples to be created in our laboratory with nuclear spin polarization gr'eater than 

1 %, with densities greater than 140 amagat. In principle, there is no reason why the 

polarization could not eventually approach that of the gas when in the pumping cell. 

The Tl of the supercriticallaser-polarized xenon was shown to be several hundred 

seconds, in general agreement with previous work involving unpolarized xenon [123]. 

Indeed, Tl values of about 1000 s have recently been observed in supercritical laser

polarized xenon samples in our laboratory. 

Finally, the solubility characteristics of both liquid and supercritical xenon can 

be improved by the addition of small amounts of other compounds [121, 122]. An 

example of this phenomenon is given in Fig. 4.10. Specifically, Fig. 4.10 shows IH 

NMR spectra taken from a sapphire tube containing thermally-polarized xenon at 

high pressure (about 900 p.s.i.) and cyclosporin, a small cyclic peptide used clinically 

to suppress unwanted immune responses in organ-transplant patients. Fig. 4.10(a) 
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Figure 4.9: First NMR spectrum of laser-polarized supercritical xenon [58]. (a) Spec
trum of supercriticallaser-polarized xenon at about 52°C and 65 atm. The spectrum 
was acquired with one pulse of small tipping angle (3°). (b) Spectrum of 129Xe at 22 
°C obtained with a ~90° pulse after reaching an equilibrium polarization over several 
hours. The 44.5 ppm 129Xe chemical shift in (b) indicates a pressure of rv54 atm, 
slightly below the critical pressure (57.6 atm). 
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exhibits broad lines indicative of the cyclosporin remaining in an undissolved polycrys-

talline state. The addition of a small amount of benzene to the sample tube, however, 

permitted complete dissolution of the cyclosporin in the xenon/benzene mixture, as 

shown by the high-resolution spectrum in Fig. 4.1O(b). Using laser-polarized xenon 

as the solvent may have many potential applications for enhancing the NMR signals 

of solute species for various kinetic and analytical studies. 

4.4.3 Theoretical Limit of the SPINOE Enhancement 

In light of the relatively large SPINOE enhancements achieved by using laser-

polarized xenon as the solvent, it is instructive to investigate the physical limit for 

polarizing nuclei (say protons) via the SPINOE. At steady-state, 

d(Iz) = 0 
dt ' 

(4.15) 

giving, from Eq. 4.2: 

( 4.16) 

Dividing both sides of Eq. 4.16 by 10 and remembering that (Sz) » So for laser-

polarized xenon, one obtains the steady-state maximum enhancement of the pro-

ton magnetization, assuming a continuous, virtually infinite supply of laser-polarized 
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Figure 4.10: IH NMR spectra of cyclosporin in liquid xenon at room temperature in 
a high-pressure sapphire tube. (a) Broad spectrum acquired with 1024 scans without 
the addition of benzene to the liquid xenon. (b) High-resolution spectrum obtained 
with 16 scans with the addition of benzene to facilitate dissolution of the cyclosporin. 
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xenon: 

f;;= - (4.17) 

(4.18) 

where PHeq is the equilibrium polarization of the protons and P Xe is the xenon po-

larization, which we will assume is 100% (Le., PXe = 1 (or -1)). 

In a best-case scenario, the relaxation of the protons would result entirely from 

dipolar interactions with 129Xe. In this case, the autorelaxation rate of the protons 

can be written as [93]: 

Therefore, in the extreme narrowing limit, 

(JHXe 6aTc - aTc 

PH 6aTc + 3aTe + aTc' 

1 
- 2' 

(4.19) 

(4.20) 

(4.21 ) 

. (4.22) 

(4.23) 
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where 

( J.1.0)2 2 2 2/ 1 ) 
a = 471" 1i 'YH 'YXe \ r 6HXe . 

(4.24) 

Thus, from Eqs. 4.18, 4.23 we can write: 

Ip maxi If max P eql _ 1 H = H • H - '2. (4.25) 

Therefore, the maximum polarization that can be achieved via SPINOE polarization 

transfer cannot exceed 50%. This limit is independent of the type of nucleus being 

polarized and the experimental conditions involved. However, even if it were possible 

to obtain 100% polarized 129Xe,· this limit would be extremely difficult to approach 

ih practice. The intermolecular cross-relaxation between xenon and protons is simply 

too inefficient (even with high xenon concentrations and/or xenon binding) for xenon-

proton dipolar interactions to be the dominant mechanism for proton relaxation. 

A more realistic maximum enhancement can be estimated simply by taking the 

previously described signal enhancements obtained in laser-polarized liquid xenon 

[110], and scale them accordingly with 100% polarized, 100% 129Xe-enriched xenon. 

Doing so would yield maximum enhancement factors of about 500 and 1000, respec-

tively, for protons in cyclopentane and carbons in CS2 at 200 K and 1.4 T. Such 

polarization enhancements under those experimental conditions would translate to 

polarization values of PH rv 0.36% and Pc rv 0.23%, values over two orders of mag-
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nitude less than the physical limit of 50%. 
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Chapter 5 

"Lighting Up" the NMR of 

Molecules II: Specific 

Xenon-Binding Interactions 

5.1 Introduction 

Xenon, while chemically inert, is known to participate in host-guest interactions 

with a variety of molecules. Xenon has been shown to bind to various proteins in crys

tals and in solution [66, 125, 126, 81, 127, 128, 129, 130, 131, 132]. The formation of 

xenon clathrates has also been investigated extensively with both thermally polarized 

and laser-polarized xenon (see for example, Refs. [133, 134]). Studies using xenon 

dissolved in lipid vesicles as a model for anesthetic action showed that xenon is pref-
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erentially attracted to amphiphilic regions in lipid membranes [135]. Finally, xenon 

forms inclusion compounds with various organic molecules possessing accessible cav

ities, including a-cyclodextrin, hemicarcerands, self-assembling dimers, calixarenes, 

and cryptophane-A [133, 136, 137, 138, 139, 140, 141, 142]. 

Many of the above experiments that probed xenon binding in molecules utilized 

the highly sensitive chemical shift of xenon in order to reveal properties of the xenon 

environment via 129Xe NMR spectroscopy. Alternatively, NOE polarization transfer 

from molecular protons to neighboring 129Xe spins can be achieved via selective ir

radiation of the 1 H resonances and subsequent detection of the 129Xe resonance; this 

approach was employed to investigate xenon binding in a-cyclodextrin [139] and xenon 

preferential solvation in lipid vesicles [135]. Such experiments have the advantage of 

providing direct microscopic information regarding the xenon surroundings (and in

cidentally, may aid in the interpretation of empirical xenon chemical shifts), but they 

rely on the weak intermolecular cross-relaxation between 129Xe and the molecules 

being studied. Furthermore, selective irradiation in complex 1 H NMR spectra can 

be difficult to achieve, and 2-D heteronuclear 1 H_129Xe NOESY experiments would 

be enormously time-consuming. In the absence of laser polarization, the 1 H_129Xe 

NOE enhancement is minuscule (,"",10-5), resulting from low xenon concentration, 

as well as weak 129Xe_1H coupling. With the use of laser-polarized xenon, however, 

the 129Xe_1H SPINOE enhancement (",10-2-10-1) can be directly observed in the 

resolved 1 H NMR spectrum. 
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In two recent studies, the transient binding of laser-polarized xenon to organic 

molecules in solution produced differential enhancements in the 1 H NMR spectra 

resulting from distance-selective xenon-proton cross-relaxation; the degree of cross

relaxation was dictated by the proximity of a given proton to each molecule's xenon 

binding site [103,47]. These results suggest that SPINOE polarization transfer could 

be utilized to study structure and dynamics in molecules that interact with xenon, 

and to map their hydrophobic potentials. SPINOE experiments could also be used 

to identify those regions of macromolecules and biological systems that are accessible 

to and interact with xenon atoms; thus, in light of xenon's anesthetic properties 

[60, 61], SPINOE spectroscopy may give new insight into the molecular mechanisms 

of general anesthesia (for review of this controversial field, see for example, Refs. 

[143, 144, 145, 146]). 

This chapter continues the discussion of polarization transfer from dissolved laser

polarized xenon to other species in solution, concentrating on the site-specific xenon

molecule interactions described above. Considerable attention is given to the sensitive 

dependence of the SPINOE on local structure and dynamics of xenon-binding com

plexes, as well as its dependence upon the xenon concentration and a given molecule's 

xenon-binding constant. While much of the chapter is dedicated toward a description 

of the successful SPINOE experiments involving xenon inclusion compounds, future 

possibilities involving the study of xenon-protein interactions are discussed. Finally, 

a new means of efficiently transferring polarization from laser-polarized xenon to 
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molecules in solution is proposed that would exploit re-introduced dipolar couplings 

in anisotropic liquid-crystalline environments. 

5.2 SPINOE Cross-Relaxation Rates and Xenon-

Molecule Interactions 

The values of xenon-proton cross-relaxation rates depend on the structural and 

dynamical characteristics of the intermolecular couplings between xenon and a given 

molecular environment. A molecule (M) may participate in various types of interac-

tions with a xenon atom, including non-specific interactions (Le., diffusive coupli:o.g, 

described in detail in the previous chapter), preferential solvation, and xenon binding 

(which results in the formation ofaXe:M complex). Exchange phenomena are nor-

mally involved among these various situations, but such exchange is generally rapid 

with respect to both the proton and xenon relaxation rates. Furthermore, proton 

chemical shifts are usually insensitive to intermolecular interactions with xenon, and 

therefore in most cases, exchange is likely to be rapid with respect to the proton 

chemical-shift time scale. This conclusion implies that 1 H NMR spectra will not be 

resolved according to the solute-xenon interactions, and that observed 1 H SPINOE 

enhancements may result from a combination of interaction modes. Therefore, the 
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experimental H-Xe cross-relaxation rate can be written most generally as: 
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(5.1) 

where i denotes the interaction mode, [Mh is the total concentration of the solute, 

[M]i is the molar concentration of the solute involved in the ith interaction mode, and 

O'kxe is the H-Xe cross-relaxation rate associated with that mode. 

For a dilute solution of xenon-binding molecules, one may consider two modes 

. of interaction: diffusive coupling, (governed by O'1Ixe), which exists for any kind of 

solute molecule, and xenon binding (governed by O'~Xe): 

d [Xe: M] b 
O'HXe = O'HXe + [Mh O'HXe, (5.2) 

The form of Eq. 5.2 assumes that both molecules without included xenon and 

molecules with included xenon experience identical diffusive coupling with unbound 

xenon. [Xe:M] is the equilibrium molar concentration of the xenon:molecule complex. 

Hereafter, bound xenon is referred to as Xein, whereas unbound xenon will be referred 

to as Xeout. Naturally, [Xe:M] = [Xehn. 

I ' 
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5.2.1 The Cross-Relaxation Rate Resulting from Xenon Bind-

ing 

Xenon binding requires that a particular configuration of a xenon-solute pair exists 

long enough to be considered as a supramolecule. Specifically, the time scale relevant 

to 129Xe----+1 H cross relaxation and polarization transfer is the correlation time, Tr , 

for tumbling motion of the transient Xe-molecule pair; xenon binding implies that 

the lifetime of the complex is much greater than the correlation time for its overall 

tumbling motion. Xenon-molecule configurations possessing lifetimes significantly 

longer than the average residence time of xenon in the molecule's solvation shell, but 

are short-lived in the sense that they do not reorient as a whole, could be regarded 

as specific preferential solvation. 

Thus in cases of xenon binding, Tr controls the dynamics of atsxe. Under these 

circumstances, the description 'of the Xe-H cross-relaxation rate reduces to the in-

tramolecular case, and Eq. 4.9 of the previous chapter may be used with T~ = Tr 

to obtain average distances between bound xenon and nuclear spins of the molecule 

that characterize the structure of the xenon-host complex. Of course, the validity 

of this treatment of experimental ats x e data depends on the importance of internal 

dynamics of the molecule being studied. The consequences of internal motions of the 

host molecule, in addition to the motion of xenon within a binding site, are T~ < Tr 

and (rj./Xe)b values which may be difficult to interpret because they correspond to 

weighted averages over multiple configurations. Molecular dynamics simulations may 
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One can now estimate an upper bound for (J~Xe using Eq. 4.9 in the previous 

chapter with WT~ = 0.68 (recall Fig. 4.5), and {r;/Xe)b = (3.2 A)-6 (an estimate for 

the xenon-proton minimum approach distance). Given a magnetic field of 9.39 T (in 

which the proton resonance frequency is about 400 MHz), Eq. 4.5 yields a (J~xevalue 

of 3 x 10-3 S-I, a figure three orders of magnitude greater than the value expected for 

the cross-relaxation rate resulting only from diffusive coupling. Indeed, (J~Xe values 

of this order have been observed for xenon bound to a-cyclodextrin in solution, as 

described below. 

. 
5.2.2 Dependence of the Cross-Relaxation Rate on the Xenon 

Concentration 

In the previous chapter it was shown that to ~ good approximation, (J1I x e is 

proportional to the concentration of unbound xenon. An additional concentration 

dependence of the experimental cross-relaxation tate may arise from the effect of 

the xenon concentration on the binding equilibrium. Based on the definition of the 

binding constant, K, for the equilibrium 

Xeout + M .= Xe : M, (5.3) 

I I 
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we obtain 

[Xe: M] K [Xe] out = , 
[Mh 1 + K[Xe]out 

which for weak xenon binding reduces to: 

[Xe: M] 
[Mh ~ K[Xe]out, 

and for strong xenon binding and excess xenon reduces to: 

[Xe: M] ....., 1 
[Mh '" . 
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(5.4) 

(5.5) 

(5.6) 

Equations 5.4, 5.5, and 5.6 are written in terms of [Xe]out (and not as a function of 

the total xenon concentration) because for dilute solutions of host molecules, [Xe]out 

is well approximated by the equilibrium solubility of xenon in the pure solvent. 

Consider the example of xenon binding to a-cyclodextrin. An equilibrium binding 

constant of rv2 M-1 has been reported for this system in dimethyl sulfoxide (DMSO) 

at 298 K [139]. For an equilibrium xenon gas overpressure of 1 atm, the solubility 

of xenon in DMSO gives an equilibrium xenon concentration of 0.024 M at 298 K. 

Therefore, Eq. 5.5 applies to this system, and a linear increase in the SPINOE 

originating from binding is expected upon increasing xenon pressures (at least for 

xenon pressure in the range of a few atm) , as shown in Fig. 5.1. However, in 
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Figure 5.1: Dependence of the experimental Xe-H cross-relaxation rate (aHXe) orig
inating from xenon binding on the equilibrium xenon concentration in the solvent 
for various association constants, K. Curves with solid lines are for systems that 
have been studied via SPINOE experiments (Xe/cyclodextrin in DMSO, K = 2 M-1 ; 

Xe/cryptophane-A in (CDChh, K = 3000 M-1). The dotted curves, added for illus
trative purposes, correspond to what would be expected for Xe/cyclodextrin in H20, 
K rv 20 M-l [139, 141], and xenon/myoglobin or xenon/hemicarcerand, K rv 200 
M-l [81, 136]. 

, \ 
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tetrachloroethane (for which the xenon solubility has been estimated to be ",,0.1 

M/atm), the equilibrium constant for the binding of xenon to cryptophane-A was 

estimated to be larger than 3000 M-1 at 278 K [142], and therefore Eq 5.6 is more 

appropriate (as shown in Fig. 5.1). Using Eq. 4.12 from the previous chapter and 

Eq. 5.4, Eq. 5.2 can now be rewritten, taking into account the isotopic abundance of 

129X A . . e, 129: 

[ 
n [] K[Xe]out b 1 

(JHXe = A129 (JHXe Xe out + 1 + K[Xe]out (JHXe • 

5.3 The SPINOE in the Weak Xenon-Binding 

Limit: a-Cyclodextrin 

(5.7) 

One molecule shown to weakly bind xenon is a-cyclodextrin [133, 139], a cup-

shaped six-membered cyclic oligosaccharide (Fig. 5.2). Specifically, a-cyclodextrin 

transiently binds xenon within its hydrophobic pocket; cyclodextrins are well.,.known 

in the chemical industry for their ability to bind a variety of chemical species for nu-

merous applications (e.g., masking tastes and odors, delivering drugs, and catalyzing 

reactions) [147, 148, 149]. As mentioned above, the association constant for xenon 

binding of a-cyclodextrin in DMSO was estimated to be ",,2 M-1 at 298 K [139], well 

within the regime of weak binding as governed by Eq. 5.3. 

For the experiments described below, samples of a-cyclodextrin were dehydrated 
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(a) (b) 
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Figure 5.2: (Color) a-cyclodextrin. (a) Structural formula. (b) CPK model based 
upon X-ray crystallographic data [150]. Color scheme: oxygen atoms (red); carbon 
atoms (green); hydrogen atoms (white).· Adapted from Ref. [103] .. 
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and dissolved in perdeuterated DMSO at concentrations of 0.1 M and 0.05 M. The 

samples were then degassed by several freeze-pump-thaw cycles on a vacuum line in 

order to remove paramagnetic molecular oxygen from the solutions. 

When laser-polarized xenon was dissolved in a 0.1 M a-cyclodextrin/DMSO solu-

tion, one solution 129Xe resonance was observed, consistent with xenon being in fast 

exchange between the solvent and the a-cyclodextrin (in agreement with previous 

results [139]). The 129Xe was observed to rapidly decay with a spin-lattice relaxation 

time of rv20 s, which indicated stronger dipolar interactions compared to benzene 

and p-nitrotoluene, in which the 129Xe Tl was observed to be greater than 500 s for 

a solution of 0.1 Mp-nitrotoluene/d6-benzene. 

The NMR pulse sequence shown in Fig. 4.6 of the previous chapter was used 

to directly observe SPINOE enhancements of IH NMR signals of a-cyclodextrin. It 

was observed that when laser-polarized xenon was dissolved in a 0.05 M solution 

of a-cyclodextrin in DMSO, selective enhancements in the IH SPINOE spectra were 

obtained [103]; these results are shown in Fig. 5.3. Figure 5.3(a) shows an equilibrium 

IH NMR spectrum of a-cyclodextrin with assignments obtained from a 2-D COSY 

spectrum (not shown), and should be compared with the IH SPINOE spectra in Figs. 

5.3(b,d). The most striking features of the spectra in Figs. 5.3(b,d) are the relatively 

large SPINOE signals originating from the H3 and H5 protons of a-cyclodextrin. 

Interestingly, the H3 and H5 protons are the ones that reside on the inside of the 

hydrophobic pocket (shown in yellow in Fig. 5.4), and would therefore be the closest 
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The measured 129Xe_1 H cross-relaxation rates for the individual a-cyclodextrin 

protons, along with their respective TIH values, are summarized in Table 5.3; the 

results from the previous experiments involving the p-nitrotoluene/benzene solution 

are listed for comparison. Values for the cross-relaxation rates were calculated by 

fitting the data to the Eq. 4.5 in the previous chapter. Because we are in the weak-

binding limit (Eqs. 5.4 and 5.5), the observed cross-relaxation rates are proportional 

to [Xe]out; thus, we can obtain a concentration-independent cross-relaxation rate with 

the following relation: 

n O"HXe· 
O"HXe = [Xe] out , 

(5.8) 

where 

(5.9) 

From the Table it can be seen that the transient binding of xenon to a-cyclodextrin 

produced cross-relaxation rates over two orders of magnitude higher than those ob-

served between xenon and p-nitrotoluene or benzene, for which the cross-relaxation 

is modulated only by diffusive motion. This increase in couplings between xenon and 

a-cyclodextrin arising from xenon binding demonstrates the sensitivity of the cross-

relaxation rate to the binding of xenon with molecules in solution. In comparison, 
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Figure 5.3: 1H NMR spectra taken from a 0.05 M a-cyclodextrinjd6-DMSO solution 
[103]. (a) Equilibrium 1H NMR spectrum with assignments (see Fig. 5.2). (b) 1H 
SPINOE spectrum taken using the pulse sequence shown in Fig. 4.6 after introduc
tion of "positively" polarized xenon. (c) Baseline spectrum recorded under similar 
circumstances as (b), but without the 129Xe 1800 pulse, demonstrating the suppres
sion capability of the pulse sequence. (d) As in (b), but with "negatively" polarized 
xenon. Values of 1'1 = 0.63 sand 1'2 = 0.37 s were used to obtain the SPINOE spectra 
shown here. 
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Molecule Proton a'Hxe (10 ·0 s ·1 mM 1) n (s) 
ds-benzene H 0.028 ± 0.007 110 

p-nitrotoluene CH3 0.025 ± 0.007 6.8 
H3,H5 0.032 ± 0.006 35 
H2,H6 0.029 ± 0.005 23 

a-cyclodextrin H1 0.44 ± 0.14 1.1 
H2 1.3 ± 0.5 1.1 
H3 4.1 ± 0.8 1.2 
H4 1.6 ± 0.3 1.1 
H5 4.9 ± 1.2 0.87 
H6 1.2 ± 0.4 0.78 

OH(2) 0.70 ± 0.22 1.2 
OH(3) 0.86 ± 0.18 1.0 
OH(6) 0 .. 36 ± 0.14 1.1 
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Table 5.1: Xenon-proton cross-relaxation rates and proton spin-lattice relaxation 
times [103]. The cross-relaxation rates are reported here as partial millimolar cross
relaxation rates (a'Hxe) in order to account for the different xenon concentrations 
present in the experiments. In the absence of strong binding, the observed cross
relaxation rates will be proportional to the xenon concentration. The data for the first 
four rows were obtained from the p-nitrotoluene/benzene experiments described in the 
previous chapter, and are listed here for comparison; the values for ds-benzene were 
taken from the solvent in those experiments. The error range for the T1 measurements 
was ±5%. 

I 
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we measured cross-relaxation rates to be ",,100 times smaller between xenon and {3-

cyclodextrin (the seven-membered cyclodextrin), in which the pocket diameter is 37% 

larger. Furthermore, as suggested by Eq. 4.9 the relative values for (YHXe reflect the 

proximity of the respective protons of a-cyclodextrin to the xenon binding site. For 

example, assuming (YHXe ex: r-6HXe, a ratio of 1:1.5 can be estimated for the range 

of distances between Xe-H5 and Xe-H1 (neglecting IH_IH polarization transfer via 

"relayed" SPINOEs [47]). From an X-ray structure of a-cyclodextrin [150], this value 

is consistent with a distribution of xenon locations within the hydrophobic pocket, 

which predicts a value between 1:1.2 and 1:2. These ratios correspond to Xe-H5 

distances of about 3 to 6 A and Xe-H1 distances of about 6 to 8 A. 

5.4 The SPINOE in the Strong Xenon-Binding 

Limit: Cryptophane-A 

More recently, SPINOE experiments were performed on cryptophane-A (Mol. wt.: 

895.02 g/mol) in solutions of 1,1,2,2-tetrachloroethane [47]. The binding of laser-

polarized xenon to cryptophane-A produced selective enhancements in the 1 H SPI-

NOE spectra [47], permitting experimentally derived IH_129Xe cross-relaxation rates 

to be correlated with internuclear distances. FUrthermore, comparison of the val-

ues measured for the cross-relaxation rates with computational models permitted the 

determination of the preferred conformations of the cryptophane-A molecule when 
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Figure 5.4: (Color) Laser-polarized xenon in the hydrophobic pocket of a
cyclodextrin. The H3 and H5· atoms are shown in yellow. In this "top" view· of 
the complex, the six H3atoms comprise the closer of the two rings of hydrogen 
atoms within the hydrophobic pocket. The numbers correspond to measured partial 
millimolar xenon-proton cross-relaxation rates as given in Table 5.3. 
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participating in xenon binding. 
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Cryptophane-A is an approximately spherical, cage-like organic molecule com-

posed of two cyclotriveratrylene bowls connected by three OCH2CH20 spacer bridges; 

the structure of cryptophane-A is shown in Fig. 5.5. Cryptophane-A belongs to the 

D3 group of symmetry, and the spacer bridges give the molecule a high degree of 

intramolecular connectivity. 

In previous work by Reisse, Collet, and co-workers, cryptophane-A was shown 

to to bind xenon very strongly, with an association constant greater than 3000 

M-1 in 1,1,2,2-tetrachloroethane [142]. Unlike the complexes of xenon and hemi-

carcerands (which exhibit association constants on the order of rv200 M-1 ) [136], the 

Xe/cryptophane-A complex is formed without a high degree of constrictive binding 

(Le., trapped xenon is not required to overcome large steric constraints of the portals· 

of cryptophane-A in order to escape confinement), giving xenon residence times on 

the order of milliseconds instead of hours [142]. The relative mobility of the spacer 

bridges permit cryptophane-A to adopt various conformations that affect the size of 

the cavity and the stability of the host-guest complex; the dynamics of the host are 

expected to influence the manner in which the guest is bound and released [151]. 

Cryptophane-A was synthesized [152, 153] and generously provided by A. Collet 

and coworkers. The cryptophane-A sample used in the SPINOE experiments was a 

0.05 M solution in perdeuterated 1,1,2,2-tetrachloroethane, (CDCl2h. Helium gas was 

gently bubbled through the solution for 5-10 min. in order to displace any other gases 
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. Figure 5.5: (a) (Color) Structure of cryptophane-A and atom labeling used in the 
IH NMR spectrum of Fig. 5.9(a). The assignment of the IH signals of the spacer 
bridges is discussed later in the chapter. (b) CPK model of one possible conformation 
of cryptophane-A with a xenon atom placed within the binding cavity. 
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complexed by cryptophane-A. The sample was then degassed by several freeze-pump-

thaw cycles on a vacuum line. Computer modeling of the Xe/cryptophane-A complex 

was performed with Chem3D Plus™ (Cambridge Scientific Computing, Inc.); more 

details can be found in Ref. [47]. 

5.4.1 Spin-Lattice Relaxation Times of 129Xe and IH ' 

. As shown in the 129Xe spectra in Fig. 5.6, the exchange of xenon between 

cryptophane-A and the solvent is slow with respect to the NMR time scale, in agree-

ment with previous results [142]. Specifically, Fig. 5.6 shows 129Xe NMR spectra 

of xenon dissolved in the cryptophane-A solution, with (Fig. 5.6(a)) and without 

(Fig. 5.6(b)) laser-polarization. Each 129Xe spectrum exhibits two lines separated 

by ",160 ppm and considerably broadened from chemical exchange. The higher field 

signal corresponds to the xenon trapped within the cavity of cryptophane-A, (Xein), 

with a chemical shift ",60 ppm downfield with respect to the xenon gas resonance 

extrapolated to zero pressure. The second (down-field) peak corresponds to xenon 

in the solvent (Xeout). The spectrum in Fig. 5.6(a) was obtained with a single scan 

,using a rf pulse of small tipping angle (~2.5°). Obtaining comparable signal-to-noise 

with thermally polarized xenon would require several hours of signal averaging. 

As shown in Fig. 5.7, the integrated intensities of both Xein and Xeout decay with 

the same time evolution, indicating that the relaxation of 129Xe is slow compared to 

the xenon exchange rate (an expected result). In one experiment where the molar 



5.4. THE SPINaE IN THE STRONG XENON-BINDING 
LIMIT: CRYPTOPHANE-A 

i 
150 

i 
100 50 

b - bin (ppm) 

(b) 

(a) 

I 
-0 

100 

Figure 5.6: Typical 129Xe NMR spectra for xenon dissolved in cryptophane
A/(CDChh solution, with (a) and without (b) laser-polarization [47]. Spectrum 
(a) was acquired with one scan using a pulse of small tipping angle (~2.5°); spectrum 
(b) was acquired with 8 scans using 90° pulses with a delay of 60 s between acquisi
tions. The 129Xe spectra are referenced to the signal corresponding to xenon bound 
to cryptophane-A (Xein). A second signal can be seen roughly 160 ppm downfield 
from that of Xein, corresponding to unbound xenon residing in the (CDCbh solvent 
Xeout). 129Xe was in considerable excess for these experiments, as reflected by [Xein] 
< [Xeout]. 
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fraction of Xein was 0.74, the average 129Xe T1 , T1ve, was measured to be 22.1 s. 

Given that the Tl of 129Xe is the pure solvent is quite long (hundreds of seconds in 

pure (CDChh), it can be assumed that dipolar interactions with the solvent's spins 

do not contribute significantly to the average 129Xe relaxation time. Thus, given 

the molar fraction of Xein, one can estimate the intrinsic Tl of bound xenon to be 

Tre
. [Xein/(Xein + Xeout)] = 16.4 s. A second experiment with a molar fraction of 

Xein of 0.92 gave an intrinsic Tl of bound xenon of 16.2 s, in excellent agreement with 

the previous result. 

The 1 H Tl values for cryptophane-A are listed in Table 5.4.3. The longest relax-

ation times, ",,0.8 s, are those of the methoxy and aromatic hydrogens. Therefore, 

relaxation of 129Xe in this system is slow with respect to IH relaxation, and thus Eq. 

4.5 of the previous chapter can be used to describe 129Xe--+1 H SPINOE polarization 

transfer. 

5.4.2 The Tumbling Motion of Cryptophane-A 

In order to determine the rotational correlation time of crypto-phane-A in (CDChh, 

it was necessary to perform CW-driven IH_IH NOE experiments. For example, the 

accumulation of the NOE experienced by the equatorial protons, He, upon selective rf 

irradiation of the axial protons, Ha , was recorded at room temperature for saturation 

times ranging between 0.125 sand 2.0 s, as shown in Fig. 5.8. At room temperature, 

negative 1 H_l H NOEs were observed. However, once the temperature was increased 
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Figure 5.7: 129Xe NMR spectrum of laser-polarized xenon dissolved in a ",0.05 M 
solution of cryptophane-A in (CDCI2)z and time evolution of the integrated intensities 
[47]. The small amount of xenon used in this experiment is reflected in the fact that 
[Xe]in > [Xe]out. 
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approxim~tely 20 °e, positive NOEs were observed. This result hints that at room 

temperature, WHTr is at least sightly greater than 1.12, the value at which the 1H_1H 

cross-relaxation rate is equal to zero [94]. 

The steady-state 1 H_1 H NOE enhancement, 'TI, and the auto-relaxation rate for He, 

PHe , were measured to be -0.148 and 3.64 s-1, respectively; these values correspond 

to a cross-relaxation rate fYHeHa = 0.54 S-l. Using the equation 

(5.10) 

and rHeHa = 1.72 A (determined from computer modeling), the correlation time was 

estimated to be 0.60 ns, giving WHTr = 1.5 at 9.39 T. Assuming that this correlation 

time controls the 129Xe--t1 H polarization transfer (i.e., that Tr = T~), Fig. 4.5 of the 

previous chapter indicates that fY~Xe values on the order of 70% of the maximum 

value can be expected for xenon bound to cryptophane-A. 

5.4.3 The SPINOE in Cryptophane-A 

Measurement of the Cross-Relaxation Rates 

The equilibrium 1 H NMR spectrum of the cryptophane-A solution is shown with 

assignments in Fig. 5.9(a). The assignment of the cryptophane-A signals was per-

formed elsewhere [142]; the proton NMR signals of the spacer bridges (which comprise 

an AA'BB' spin system) are discussed in greater detail below. Figs. 5.9(b-d) respec-
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Figure 5.8: Time dependence of the NOE experienced by the equatorial protons 
(He) of cryptophane-A upon selective irradiation of the axial protons (Ha) at room 
temperature [47]. 
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tively show SPINOE spectra obtained with positively laser-polarized xenon, with 

thermally polarized xenon, and with negatively laser-polarized xenon. As observed 

previously in a-cyclodextrin, The relative intensities in the SPINOE spectra obtained 

with laser-polarized xenon (Figs. 5.9(b,d)) are strikingly different from those in the 

equilibrium spectrum. While the equilibrium spectrum is dominated by the signal 

of the methoxy group, the signal from the aromatic protons is the most intense in 

the SPINOE spectra of Figs. 5.9(b,d). The IH signal enhancements observed in Fig. 

5.9(b) varied between 3% and 13% (see Table 5.4.3). Additionally, the selectivity of 

the SPINOE was clearly not simply the result of vastly different 1 H auto-relaxation 

times, as the TfI values were nearly equal for the methoxy and aromatic protons. 

In order to determine the absolute magnitude of H-Xe cross-relaxation rates, the 

value of the 129Xe polarization enhancement must be obtained, according to Eq. 4.5. 

of the previous chapter. For the SPINOE experiment shown in Fig. 5.9(b), the 

129Xe polarization enhancement was estimated to be rv13,000 at 9.39 T [47], based 

on quantitative comparison of the integrated intensities of the laser-polarized and 

equilibrium 129Xe NMR spectra. However, the uncertainty on this value was high 

( rv50%), resulting from experimental difficulties with inverting both 129Xe resonances 

during SPINOE acquisition, exchange broadening of the 129Xe lines (500 Hz), low 

signal-to-noise and long 129Xe T 1's in the equilibrium spectra (rv50 to 90 s), and the 

vastly different acquisition conditions (gain, pulse length, pulse power, etc.) under 

which the enhanced and thermal 129Xe spectra were obtained. From the experimental 
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Figure 5.9: (a) 1H NMR equilibrium spectrum of 0.05 M cryptophane-A in (CDCI2h 
with chemical shift assignments. (b) 1 H SPINOE spectrum acquired with the pulse 
sequence shown in Fig. 4.6 following introduction of positively polarized 129Xe to 
the solution. (c) As in (b), but with 129Xe at thermal equilibrium, demonstrating 
virtually complete suppression of all contributions to the 1H NMR signaL (d) 1H 
SPINOE spectrum acquired during a second experiment in which negatively polarized 
129Xe (prepared by inverting the direction of the magnetic field in which the 129Xe is 
laser-polarized) was used, resulting in a corresponding sign change in the 1 H SPINOE 
spectrum. Values of 71 =315 ms and 72=185 ms were used for the SPINOE experiments 
shown. Figure adapted from Ref. [47]. 
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data given in Table 5.4.3, and the value for the xenon polarization enhancement, 

(jHXe/A129 was estimated to be ",1.2 x 10-4 S-l for the aromatic protons. From 

multiple experiments, (jHXe/ A 129 values varying from (1 - 4) x 10-4 S-1 were found 

for the aromatic protons. This figure is two orders of magnitude greater than the 

value expected for H-Xe cross-relaxation rates originating from diffusive coupling 

-
alone; As with the case of a-cyclodextrin, the observed SPINOE enhancements can 

therefore be considered as originating entirely from the binding of laser-polarized 

xenon. Furthermore, the SPINOE spectra were obtained with dissolved xenon in 

excess with respect to the cryptophane-A concentration. Under these circumstances 

Eq. 5.6 is valid, thus giving (jHXe/A129 = (j~Xe from Eq. 5.7. 

proton label T{! (s) SPINOEa (j~Xe / (ri/xe) / 

(%) b 
(jHg,h Xe (rH~.hxe) 

aromatic Hg , Hh 0.80 11.0 (1.00) (1.00) 
axial Ha 0.27 3.0 0.47 0.3-0.4 
linker Hj , Hj! 0.36 5.2 0.67 0.3 
linker Hk, Hk! 0.41 13.0 1.55 1.5-1.8 

methoxy Me, 0.83 2.6 0.23 0.1-0.3 
equatorial He 0.35 2.7 0.35 0.3-0.4 

Table 5.2: Spin-lattice relaxation times, SPINOE enhancements, relative H-Xe cross
relaxation rates, and calculated relative values in gauche conformations for the protons 
of cryptophane-A [47]. 

129Xe_1 H Cross-Relaxation Rates in Cryptophane-A vs .. a-Cyclodextrin 

The largest (j~Xe values resulting from the binding of xenon to cryptophane-A 

were measured to be 5 to lO-fold smaller than the corresponding values resulting 
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from xenon binding to a-cyclodextrin [103]. However, it is unlikely that this dis-

crepancy originates from differences in the dynamics of the 129Xe~1 H polarization 

transfer. As shown in Section 5.4.2, for the binding of xenon to cryptophane-A in 

(CDCI2h at room temperature, each a~Xe should reach 70% of its maximum possi-

ble value in terms of Te. Instead, this difference in the magnitude of the a~Xe values 

suggests differences in the structure of these xenon complexes. Given T~ = 0.6 ns 

and (J"~Xe = (1 - 4) x 10-4 S-1, Eq. 4.9 of the previous chapter gives a value for 

(rj/'xe)b varying over (0.5 - 2) x 10-4 A -6; this range of values gives an average dis-

tance between the aromatic protons and the xenon atom of 4.1-5.2 A. These results 

are in good agreement with computer modeling of minimum-energy structures of the 

xenon/cryptophane-A complex, which predicted average xenon-proton internuclear 

distances of 4.5-4.8 A. In comparison, an X-ray structure of a-cyclodextrin [150] can 

be used to predict rHXe values between a xenon atom positioned at the center of 

the cavity and .the nearest protons to be in the range of 3.2-3.8 A. These calculated 

ranges of proton-to-xenon distances would correspond to a 4to 8-fold factor increase 

in the cross-relaxation rates for a-cyclodextrin compared to those of cryptophane-A 

(neglecting dynamical effects), in agreement with the experimental observations. 

Relative (J"HXe Values and the Structure of the Complex 

As discussed above, the observed SPINOE enhancement for the aromatic protons 

is clearly consistent with xenon binding within the cavity of cryptophane-A. Nev-
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ertheless, detailed information regarding the structure of the xenon/cryptophane-A 

complex can be obtained in the absence of information about the absolute values of 

O"HXe; furthermore, the use of relative H-Xe cross-relaxation rates avoids the uncer-

tainty attached to the measurement of the absolute xenon polarization enhancement . 
./ 

Table 5.4.3 gives the O"~Xe values of the cryptophane-A protons relative to that mea-

sured for the aromatic protons. From this data it is clear that the binding of xenon 

to cryptophane-A gives rise to differential 1 H_129Xe dipolar interactions. Provided 

that internal dynamics do not contribute significantly to the fluctuations of the in-

termolecular dipole-dipole interactions, the relative O"~Xe values listed in Table 5.4.3 

reveal structural information regarding the xenon/cryptophane-A complex. Of par-

ticular interest are the results obtained for the protons belonging to the OCH2CH20 

spacer bridges (also referred to as linkers). Indeed, one pair of these protons (labeled 

Hk and Hk' in the spectrum of Fig. 5.9(b)) experiences, in the presence of xenon, a 

cross-relaxation rate more than twice as great as that between xenon and the other 

pair of protons (Hj and Hjl). Because the dynamics of both pairs of protons are most 

likely to be similar, these results indicate that Hk and Hk' are, on average, closer to 

the xenon atom than Hj and Hjl. 

While cryptophane-A is a somewhat rigid molecule, the internal degrees of freedom 

associated with the OCH2CH20 spacer bridges permit the molecule to adopt various 

conformations. Specifically, these conformations differ in the dihedral angle O-CH2-

CH2-O and, in reference to the oxygen atoms, are either gauche-like or anti-like in 
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Minimum energy structu:es of the xenon/cryptophane-A complex were created 

via computer modeling. Four such structures are shown in Fig. 5.10 for different 

conformations of the displayed spacer bridge. In Figs. 5.10(a,b), the linkers are in 

an anti conformation. These conformations possess O2 symmetry axes which bisect 

the C-C bond of the linkers and intercept at the center of the cavity where the xenon 

atom is found. Therefore, in Fig. 5.1O(a) the protons labeled Hand H' have the 

same chemical shift which, a priori, is different from the chemical shift of the other 

pair of protons. The structures shown in Figs. 5.10(b-d) were created based on the 

structure in Fig. 5.10(a), with the labels unchanged; i.e., the Hand H' which were 

"remote" with respect to the xenon atom in Fig. 5.10(a) are the "proximal" protons 

in Fig. 5.10(b). In both of these anti conformations, the proton-xenon distances are 

nearly equal, and consequently yield similar relative values for (rj/Xe)b. From Table 

5.4.3 it can be clearly observed that the calculated values for the "proximal" H's in 

the anti conformations are significantly different from the corresponding experirriental 

result; even if it were considered that both anti structures were present simultaneously 

(therefore giving weighted-average values for O"~Xe)' the experimental results could 

not be properly explained. 

In Figs. 5.10(c,d), the linkers are in a gauche conformation. These structures do 

not possess O2 symmetry axes, but for each of them an equivalent structure exists 

in which the position of the protons Hand H' are interchanged. Therefore, for each 
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pair of protons, (rj/jxe)b must be calculated as the average between the two protons. 

It is worth noting that in both of these gauche structures, the partner of the proton 

which is the nearest to xenon is actually the farthest proton; nevertheless, in Table 

5.4.3 this pair is still referred to as the "proximal" protons, because it leads to the 

greatest value for (rj/Xe)b. Thus, the Hand H' which are "remote" with respect to 

the xenon atom in Fig. 5.10(c) become the "proximal" protons in Fig. 5.10(d). From 

Table 5.4.3, it can be seEm that both gauche structures lead to relative (rH~e)b values 

in good agreement with the experimental results. Both of these gauche structures 

might be present simultaneously, but if this is the case, one conformation must be 

in considerable excess in order to explain the observed difference in cross-relaxation 

rates between the proton pairs. 

The relative values for (rH~e)b of the various protons of cryptophane-A calculated 

using the gauche structures are shown in the last column of Table 5.4.3. It was 

necessary to calculate the value for the methoxy group for numerous positions of 

these protons; the calculation leads to values in agreement with the experimental 

relative cross-relaxation rates, despite the fact that the dynamics of the polarization 

transfer might be somewhat different in this case. 

The calculations shown here neglect the effects of relayed SPINOEs, which in 

the present system might be on the order of 10-15% between geminal protons (for a 

detailed explanation of relayed SPINOEs, see Ref. [47]). Nevertheless, on the basis 

of the experimental SPINOE cross-relaxation rates, one can conclude that the most 
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Figure 5.10: (Color) Minimum energy structures of cryptophane-A with bound xenon 
for the various conformations of the displayed spacer bridge (highlighted in yellow). 
The atoms of the cyclotriveratrylene subunits are at similar positions in each view; 
the molecule is slightly rotated such that the spacer bridge is clearly visible. In (a) 
and (b), the linkers are in an anti conformation. In (c) and (d), the linkers are in a 
gauche conformation. Figure adapted from Ref. [47]. 
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probable conformation of the spacer bridges of cryptophane-A when the molecule 

complexes xenon (in (CDCI2)2 at room temperature) is a gauche conformation. This 

conclusion is in agreement with the simulation of resolution-enhanced 1 H NMR signals 

performed previously [142]. Additionally, one can conclude from these results that 

the chemical shifts of Hk,k' and Hj,j' characterize the protons of the spacer bridges 

of cryptophane-A which are, respectively, gauche and anti with respect to the vicinal 

oxygen atom; thus, the SPINOE results have permitted a more complete assignment 

of the 1 H NMR spectrum. 

proximal H's remote H's 
experimental 1.55 0.67 

anti (a) 5.2 0.5 
anti (b) 4.4 0.5 

gauche(c) 1.8 0.3 
gau'che(d) 1.5 0.3 

Table 5.3: Experimental H-Xe cross-relaxation rates (bold) for the protons of the 
spacer bridges of cryptophane-A relative to the value for the aromatic protons, and 
relative (r-6)b values calculated using the structures in Fig. 5.10. 

5.5 Xenon and Proteins 

Both the a-cyclodextrin and cryptophane-A experiments suggest that SPINOE 

polarization transfer can be useful for directly pro~ing the structure and dynamics of 

molecules that interact with xenon. Most tantalizing is the prospect of using SPINOE 

experiments to study proteins. For example, because many of the xenon binding sites 
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in proteins (e.g. myoglobin [127]) are not solvent-accessible, it is believed that xenon 

binding may require cooperative motion on the part of the protein in such cases; thus, 

SPINOE experiments may shed light on dynamic binding processes in proteins. 

The next step in this line of research is choosing an ideal model protein in which 

to perform SPINOE studies. As indicated in the Introduction, a surprising amount of 

work has been dedicated toward the study of xenon binding to various proteins [66, 

125, 126, 81, 127, 128, 129, 130, 131, 132]. Much of the recent work studying xenon

binding in proteins has been motivated by the desire to map hydrophobic sites, and 

also to use xenon/protein complexes as highly isomorphous heavy-atom derivatives 

for solving the phase problem in X-ray structure determination [129, 130, 131]. 

Hemoglobin and myoglobin were the first two proteins shown to bind xenon [125, 

126, 81, 127]. Hemoglobin is currently diffic~lt to study via NMR because of its. 

large size ('"'-'80 kD); the large number of protons and the broad spectral features 

resulting from slow molecular tumbling have (to date) precluded a complete structural 

assignment of hemoglobin's NMR spectra. Moreover, large proteins would be poor 

choices of model systems for SPINOE studies in general because proton-proton spin 

diffusion grows more efficient with increased molecular weight. Such spin diffusion will 

tend to "wash out" any selectivity of the SPINOE by bleeding polarization from the 

"lit up" protons neighboring bound laser-polarized xenon to the rest of the protons in 

the protein. Myoglobin, on the other hand, has a mass of only about 18 kD, and it has 

been well-characterized via NMR methods (see for example, Ref. [154]), facilitating 
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the interpretation of proposed SPINOE experiments. Moreover, myoglobin is known 

to bind xenon relatively strongly in solution (",2-6 specific sites as determined by 

both NMR and X-ray crystallography, depending on the experimental conditions), 

with K ~ 200 M-1 for its strongest binding site [81]; the corresponding value for 

hemoglobin is only about 10 M-1 [81]. A ribbon diagram of myoglobin is shown in 

Fig. 5.11 along with two blue spheres representing xenon atoms in two of the specific 

xenon binding sites [125]. The strongest of the xenon binding sites in myoglobin is 

the one adjacent to the heme, on the opposite side of the oxygen binding site. 

Unfortunately for studies involving laser-polarized xenon, myoglobin possesses 

a paramagnetic center (specifically, the heme iron) that rapidly relaxes xenon in 

solution. For example, a value for the 129Xe Tl of ",0.1 s has been observed in 

aqueous solutions of metmyoglobin (Fe3+, S = '9/2) [155]. This short relaxation time 

is likely a result of the close proximity of bound xenon to the paramagnetic iron in 

the heme. 

In an attempt to increase the effective spin-lattice relaxation time of dissolved 

laser-polarized xenon, myoglobin samples were prepared according to a protocol de

signed to maximally remove the paramagnetism of the heme iron (see for example, 

Refs. [156, 157]). The myoglobin samples were poisoned with carbon monoxide 

gas, reduced with sodium dithionite, and subsequently purified with a salt column 

under an inert atmosphere, giving (carbon monoxy) myoglobin. Following rapid dis

solution of laser-polarized xenon in a 6.6% (by weight) sample of (carbon monoxy) 
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Figure 5.11: (Color) Ribbon diagram of myoglobin with two bound xenon atoms (blue 
spheres). The site associated with the strongest xenon binding (K ~ 200 M-1) is 
adjacent to the heme (top). Figure created"by J. Heller, according to crystallographic 
information in Ref. [125]. 
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myoglobin, the 129Xe magnetization was observed to decay with a time constant of 3.8 

s, a significant improvement (a similar preparation applied to hemoglobin produced 

a somewhat longer 129Xe Td [158]. However, this duration still proved too short for 

practical application in SPINOE experiments; it was experimentally difficult to mix 

and equilibrate laser-polarized xenon with the myoglobin solutions in situ on that time 

scale (however, in the future this problem might be combated with the use of a gated 

stopped-flow injection system). Moreover, given the relatively long intrinsic Tl for 

xenon in cryptophane-A (~16 s [47]), it is possible that remaining unpaired electronic 

spins in the myoglobin heme iron may still have significantly contributed to the 129Xe 

T1, despite our best efforts to completely remove the paramagnetism of the myoglobin 

samples. As of the writing of this thesis, other options with myoglobin were being 

considered that would more effectively rid the protein of its inherent paramagnetism. 

However, instead of using apomyoglobin (myoglobin without the heme), which might 

adversely change the structure of the strong xenon binding site, the prospects for 

using myoglobin with non-iron heme (i.e., with non paramagnetic elements at the 

heme's center) were being investigated. 

A second potential model protein that also was being investigated while this thesis 

was written was a particular mutant of phage lysozyme (99Leu---tAla) [159]. This 

mutant of phage lysozyme possesses an internal cavity shown to bind benzene [160, 

161] with a dissociation constant Kd rv 1 mM at 25°C in solution. Given the volume 

of this internal cavity ("-'150 A3; the volume of a xenon atom is rv40 A3) and its 
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hydrophobicity, it was proposed that this protein might transiently bind xenon. Our 

preliminary studies [162] using both thermally polarized and laser-polarized 129Xe 

at 14.1 T are suggestive, but not yet conclusive, with respect to xenon binding in 

solution. Xenon binding is supported by a significant shift of the 129Xe resonance with 

high protein concentration compared to the shift present in pure buffered· water (or 

D20); for example, we observed a change in shift of D.v ~ 15 ppm for 129Xe dissolved 

in 5.2 mM lysozyme solution with 4-5 atm overpressure of thermally polarized xenon. 

Xenon binding is also supported by a considerably broadened 129Xe line (rv 720 Hz) 

compared to the line of the internal xenon gas reference, possibly broadened from fast 

chemical exchange between the protein and the solvent. However,. this linewidth has 

yet to show a clear temperature dependence (although to date this has been tested 

only over a limited range); also, it is possible (though unlikely) that this linewidth 

results from broadening due to the paramagnetic salt added to the solution to reduce 

the 129Xe Tl for signal-averaging purposes. Moreover, preliminary measurements 

of the 129Xe Tl in the absence of paramagnetic salts suggest only slightly shortened 

relaxation times in lysozyme solutions compared to that measured in pure D20 buffer. 

Future studies will systematically characterize the concentration-dependent chem

ical shift of the 129Xe resonance in solutions of the phage lysozyme mutant, measure 

the temperature dependence of the 129Xe over a wider range with greater signal-to

noise, and more accurately measure the 129Xe T1. The results of these experiments 

should shed more light on the xenon-binding properties of the phage lysozyme mu-
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tant, and indicate whether in fact the protein is a suitable model system for SPINOE 

experiments. 

Regardless which proteins are eventually studied via SPINOE methods, it is likely 

that selective or stochastic deuterium labeling may be needed to suppress spin diffu-

sion and aid in interpretation of any observed SPINOE enhancements in the protein's 

1 H NMR spectra. Future work will also investigate the feasibility of actively trans-

ferring SPINOE magnetization from directly affected protons to other spins via more 

traditional NMR methods in order to improve the interpretability and information 

content of SPINOE experiments. 

5.6 Cross-Polarization from Laser-Polarized 

Xenon via Re-Introduced Dipolar Couplings? 

Cross-polarization [84, 85, 86] is a commonly used technique for enhancing the 

NMR sensitivity of rare spins in solids via polarization transfer through dipolar (spin-

spin) couplings. In normal liquids, however, the dipolar couplings between nuclear 

spins are averaged away by the rapid isotropic tumbling and diffusion of molecules in 

solution. Dipolar interactions can still contribute to spin relaxation, permitting non-

equilibrium polarization to be slowly transferred between neighboring spins through 

dipolar cross-relaxation (i.e., the nuclear Overhauser effect). As described earlier, 

these cross-relaxation pathways have ,been exploited to transfer nuclear spin polar-
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ization from laser-polarized xenon to other substances in solution via the SPINOE. 

While the SPINOE can be quite useful for studying the structure and dynamics of 

molecules in solution, the cross-relaxation between xenon and a given target spin is 

. usually slow compared to the auto-relaxation of the target spin, preventing large sig-

nal enhancements in all but the most favorable of circumstances. Only in the cases 

of high xenon concentration and extraordinarily long autorelaxation times have rela-

tively large signal enhancements been achieved in solution from laser-polarized xenon. 

This fact begs the question: are there other means by which the polarization can be 

more efficiently transferred from laser-polarized xenon to other solution spins? 

One mechanism that has been suggested is polarization transfer through the scalar 

(J) couplings between the spins of a molecule and bound laser-polarized xenon [103]. 

Normally, such J-couplings would be considered completely negligible; no covalent 

chemical bond connects the xenon atom and the molecule, and no line splittings at-

tributable to "intermolecular'; 129Xe_1 H J-couplings have ever been directly observed. 

However, in light of the previously described SPINOE polarization transfer experi-

ments involving xenon-binding molecules, density functional methods have been used 

to calculate estimated 129Xe-1H J-couplings in such systems [163]. For example, these 

calculations predict a 129Xe_1H J-coupling of rvlO-100 p,Hz for internuclear distances. 

of 6-8 bohr (rv3.2-4.2 A). 

Transferring polarization from one nucleus to another within the same molecule 

via adiabatic Hartmann-Hahn cross-polarization through J-couplings is a well-known 
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technique [164] .. Indeed, the observation of any signal enhancement via adiabatic 

Hartmann-Hahn cross-polarization transfer from laser-polarized xenon to the binding 

molecule might be a good way to detect the existence of 129Xe-1H J-couplings and 

measure their strength. However, the minuscule size of such J-couplings is likely to 

be too small to practically improve upon the SPINOE merely for signal enhancement 

purposes. 

At this point, the available components of the Hamiltonian that could be exploited 

for coupling laser-polarized xenon to other spins in solution have been exhausted. 

However, if the isotropic nature of the solution is removed, the Hamiltonian changes 

significantly; dipolar couplings between spins may no longer be averaged away, dras-

tically increasing the observed couplings between spins. 

This phenomenon is well-known in liquid crystalline systems (see for example, 

Refs. [165, 166, 167]). Consider the example of 13CClgH, whose isotropic 13C NMR 

spectrum is comprised of two lines separated by ",200 Hz di'ctated by the strength of 

the scalar coupling between the proton and carbon spins. When 13CChH is dissolved 

in a nematic liquid crystalline solvent, the observed splitting in the 13C NMR spectrum 

reaches nearly 5000 Hz (see for example, Ref. [168]). The magnitude of the splitting 

is a sum of the scalar coupling and the re-introduced dipolar coupling. The re-

introduced dipolar coupling, Dij , is given most simply by (in Hertz) [166]: 

(5.11) 
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where S (0 ::; S ::; 1) is the order parameter that depends on the degree of solute 

ordering by the liquid crystalline solvent. This order parameter will depend upon a 

variety of experimental conditions, including the temperature and the nature of the 

liquid crystal and the dissolved molecule. 

Here, we propose that if laser-polarized xenon were tempor-arily bound to a 

molecule in a liquid-crystalline environment, dipolar couplings between laser-polarized 

xenon and the xenon-binding molecule may be re-introduced, thereby creating a new, 

more efficient pathway for transferring polarization. Polarization could be transferred 

between the laser-polarized xenon and the molecule being studied via well-known 

double resonance radio-frequency techniques (e.g., adiabatic Hartmann-Hahn cross-

polarization). If successful, such polarization transfer should compete more favorably 

with auto-relaxation, permitting larger, more selective enhancements of the NMR 

signals. However, any re-introduced dipolar couplings will be adversely affected (but 

not destroyed altogether) by chemical exchange of laser-polarized xenon between the 

molecule and the bulk liquid-crystalline environment. The effective coupling will also 

be scaled by the strength of the xenon binding, as the binding constant will dictate 

the occupancy of a given xenon-binding site in solution. 

Because of the strong xenon binding and the relatively long xenon residence times 

of xenon in cryptophane-A (",,01-10 ms at different temperatures and xenon concen-

trations, perhaps longer in a liquid-crystalline environment), it may serve as an ideal 

model system for evaluating this proposed method of polarization transfer. However, 
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despite the long xenon residence time, the exchange-broadened lines in the 129Xe 

NMR spectra may cloak splittings due to dipolar couplings between bound xenon 

and the spins of cryptophane-A. Thus, the polarization transfer itself may be re-

quired t<;> measure re-introduced dipolar couplings. The first obstacle that must be 

overcome is the unfavorable solution chemistry of liquid crystals; large molecules like 

cryptophane-A tend to be relatively insoluble in nematic liquid-crystalline solvents. 

If a stable system can be obtained, then polarization could be transferred via cross-

polarization. However, transferring polarization to the protons would likely result 

in enhanced but unresolved broad lines in the 1 H spectrum without the application, 

of significant decoupling or multiple-quantum pulse sequences (for review, see Refs. 

[4, 166, 167]). 

Alternatively, a more effective experiment would involve the enhancement of rare 

spins (e.g. 13C and 15N) via cross polarization. Direct 129Xe_13C cross-polarization 

would be technologically demanding because of the similar values of the gyromag-

netic ratios of these species. However, enhanced 13C signals could still be obtained 

indirectly via a two-step polarization transfer from xenon to protons, and then from 

protons to carbon, with subsequent acquisition of an enhanced 13C NMR signal under 

proton decoupling. Direct CP from laser-polarized xenon to rare nuclei may permit 

signal enhancements on the order of 104 in the limits of strong xenon binding, long 

xenon residence times, and long relaxation times. 

Finally, this proposed technique may also permit novel NMR studies of proteins 
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in solution. Lipid bicelles could be used to re-introduce dipolar couplings between 

bound laser-polarized xenon and proteins (see for example, Ref. [169]). While the 

short xenon residence times and weak xenon binding in proteins should give smaller 

re-introduced dipolar couplings, they will likely be competitive with the spin-diffusion 

and autorelaxation rates of the protein spins, and be greater than the cross-relaxation 

rates exploited by SPINOE methods. , \ 

, , 
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Chapter 6 

Enhanced NMR Spectroscopy of 

Materials Surfaces 

6.1 Introduction 

In principle, NMR can be a powerful means of probing structure, dynamics, and 

chemical properties of surfaces of heterogenous materials under a wide range of exper

imental conditions. Thus, NMR can be better suited for the investigation of surfaces 

of a wide variety of organic solids and catalytic materials than the more conven

tional surface-science techniques normally used for single-crystal experiments (e.g. 

scanning tunneling microscopy), because of the inherent instability of such materials 

under ultra-high vacuum conditions. However, the NMR signals from the surfaces 

of low surface-area materials can often be difficult to observe, not only because the 
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number of spins contributing to the surface signal may be extremely small (especially 

in light of the inherently low sensitivity of NMR in general), but also because the 

surface signal may in many circumstances be virtually indistinguishable from that 

of the bulk. Therefore, methods capable of increasing the sensitivity and selectivity 

of the NMR of surfaces are highly desirable. Reviews of the application of laser

polarized xenon for enhancing the NMR of materials surfaces can be found in Refs. 

[24, 57, 45, 67, 40]. 

In this chapter, numerous examples of OPNMR of materials surfaces are described, 

with particular attention given to certain applications and technological advances of 

interest. The first section describes the first demonstrated application of OPNMR: 

probing low surface-area materials with enhanced 129Xe signals from adsorbed laser

polarized xenon. The remaining sections of this chapter are mainly concerned with 

the direct observation of surface spins via polarization transfer from laser-polarized 

gases, especially within the context of more conventional NMR techniques commonly 

used in solid-state experiments (e.g., variable temperature studies, cross-polarization, 

and magic angle spinning). 

6.2 Probing Surfaces with 129Xe OPNMR 

Adsorbed 129Xe has long been used as a sensitive magnetic resonance probe of 

pore sizes and chemical properties of high-surface area materials like_ zeolites (for 

review, see Refs. [57, 67, 68, 69, 71]). For example, the measured value of xenon's 
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highly sensitive chemical shift can be empirically correlated with the number of xenon 

atoms located within a given cavity of a zeolite, providing information about avail

able void space within the zeolite, as well as the localization and type of guest species 

within the zeolite's pores. Unfortunately, such studies would normally be limited to 

such materials with very high surface area (and short xenon spin-lattice relaxation 

times) to make up for the otherwise weak signal from the relatively low number of 

surface-adsorbed xenon spins. An additional complication arises from the fact that 

the adsorbed 129Xe chemical shift can be very sensitive to xenon-xenon interactions, 

giving a xenon concentration dependence to the observed shift; often, one must per

form multiple studies with varying xenon coverages to extrapolate the 129Xe chemical 

shift to zero xenon concentr~tion. Therefore, in some circumstances it would be ad

vantageous to perform 129Xe NMR studies with. the minimal xenon coverage required 

to obtain sufficient signal-to-noise. 

Following results of high-field NMR studies of solid laser-polarized xenon by Rap

per, Cates, and co-workers [56], experiments by Pines and co-workers [46] showed 

that laser-polarized xenon could be a sensitive NMR probe of low surface-area mate

rials. In this work, a batch optical pumping apparatus similar to that shown in Fig. 

2.3 was employed to produce small quantities of laser-polarized xenon and deliver 

it to samples of low surface-area materials within an NMR magnet. This early OP 

apparatus utilized a 30 mW diode laser, which could produce laser-polarized xenon 

with a polarization enhancement factor of about 750 (limited primarily by the laser 
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power). 

At room temperature and low xenon overpressure (about 20 torr), it was shown 

that NMR signals from adsorbed xenon could be observed from particles of graphi

tized carbon and Na-Y zeolite. The graphitized carbon particles, which possessed a 

moderate surface area (10 m2/g), shifted the resonance of the adsorbed xenon about 

10 ppm downfield from the gas resonance. The signal for xenon adsorbed in the zeolite 

was shifted 59 ppm downfield from the gas resonance produced by 16 torr of xenon; 

at the time, this was the lowest xenon pressure reported for such NMR experiments. 

Similar experiments were also performed on particles of powdered benzanthracene, 

which possessed a low surface area of only ",0.5 m2/g (the particle size was determined 

from electron micrographs). These results are shown in Fig. 6.1. At room tempera

ture (Fig. 6.1(a)), only the signal from gaseous.xenon could be observed in the 129Xe 

NMR spectra. However, lowering the sample temperature to 158 K produced a sec

ond resonance 10 ppm downfield from the gas resonance . (Fig. 6.1(b)), attributed to 

laser-polarized xenon adsorbed on the benzanthracene particles. Lowering the tem

perature five degrees further increased the shift to 32 ppm, and significantly changed 

the lineshape of the adsorbed xenon resonance (Fig. 6.1 (c)), possibly resulting from 

the distortion of the electron clouds of the adsorbed xenon atoms. Overall, the chem

ical shift and linewidth were observed to increase with decreasing temperature, which 

is characteristic of increased residence time and decreased mobility for the adsorbed 

xenon. Finally, once the temperature was lowered to 123 K, only the signal from solid 

, I 

.' 
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laser-polarized xenon could be observed (Fig. 6.1(d)). 

Many typical amorphous solid materials have relatively large particle sizes (",10 

J.Lm) giving them low surface areas (rv l m2/g)j thus, these results suggested that a 

wide variety of materials of interest in catalysis and surface science could be studied 

with las~r-polarized xenon NMR. Moreover, the authors postulated that it might be 

possible to employ cross polarization methods to transfer polarization from laser-

polarized xenon to spins on the surfaces of materials, thereby selectively enhancing 

the NMR of surfaces (discussed in the following section). 

This pioneering work was soon followed by numerous studies using 129Xe OPNMR 

to probe various materials surfaces. One such study investigated the interaction 

of laser-polarized xenon with a polymer surface [170]. In these experiments, laser-

polarized xenon was adsorbed onto particles of powdered amorphous poly( acrylic 

acid) of moderate surface area (rv 15 m2 / g) at different temperatures. The xenon was 
, 

observed to strongly interact with the polymer surfaces, which the authors suggest 

possibly resulted from the polar carboxylic acid functional groups present at the 

particle surfaces. The temperature dependence of the surface interaction, as measured 

by the 129Xe chemical shift of the xenon resonance, fit well to a simple model of 

chemical exchange between gaseous and adsorbed xenon. Moreover, the pressure 

dependence of the xenon chemical shift permitted the diffusion constant of the surface-

adsorbed xenon to be estimated (rv3.3xlO-5 cm2/s). 

In a second study, 129Xe OPNMR was utilized to probe the surfaces of CdS 
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Figure 6.1: 129Xe NMR spectra of laser-polarized xenon adsorbed onto powdered 
benzanthracene [46]. (a) Spectrum showing only gaseous xenon (298 K, 20 torr). 
(b,c) Spectra showing both gaseous and adsorbed xenon (158 K, 21 torr for (b), 153 
K, 22 torr for (c)). (d) Spectrum showing only solid xenon (123 K). Figure courtesy 
of Thomas Meersmann. -
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} ... nanocrystals [82]; specifically, laser-polarized xenon was used to probe the morphology 

of the thiophenol capping groups on the nanocrystals. One interesting result from this 

work was the observation of two partially superimposed lines for xenon adsorbed onto 

CdS nanocrys.tals with low thiophenol coverage, which was interpreted as evidence for 

two distinct surface domains of the thiophenyl groups on such nanocrystals. It was 

believed that such domains were formed by the aggregation of thiophenol molecules 

on the surfaces under conditions of incomplete coverage, a hypothesis consistent with 

previous results of studies using X-ray photoelectron spectroscopy and liquid-state 

1H NMR. 

, I 

6.3 Polarization Transfer to Surfaces 

6.3.1 Cross-Polarization and Zero-Field Mixing 

As described in Chapter 4, polarization transfer from laser-polarized xenon to 

other nuclei was first achieved in the solid phase with low-field thermal mixing 

I i [48, 82, 83]. This technique involves adiabatically sweeping the external magnetic 

field through a regime where the difference between the Zeeman energies of the two 

spin baths is matched by their dipolar coupling. Following experiments where 129Xe 

polarization was transferred to neighboring 131 Xe spins in xenon ice [48] and 13C spins 

in a frozen CO2/xenon matrix [82], zero-field mixing was used to transfer polarization 
I I 

to protons of a silicone surface coating (SurfaSil) on glass [83]. The enhancement of 
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the 1 H polarization of the surface protons was impressive in these experiinents; a 

lower limit for the achieved value of P was estimated at 0.01, corresponding to an 

enhancement factor of rv300 for protons at 400 MHz. 

Polarization has also been transferred to materials surfaces successfully by rf-

driven Hartmann-Hahn cross-polarization [84, 85, 86] in the rotating frame through 

dipolar couplings at high field [87, 88]. In one experiment, the immobilization of laser- , \ 

polarized xenon at 90 K onto a high surface-area (835 m2 jg) sample of poly(triaryl-
I, 

carbinol) permitted the 1 H NMR signal of the polymer surface to be enhanced by a 
, I 

factor of about 800 at 4.2 T [88]. 

In order employ either zero-field mixing or Hartmann-Hahn CP to enhance the 

NMR signals of surface spins, it is required that either a) the nuclei to be polar-

ized have been embedded in a laser-polarized xenon ice' matrix [48, 82] or b) the 

laser-polarized xenon has been immobilized onto the material's surface [83, 87, 88]. 

However, both of these preparations can be difficult to achieve in practice, are also 

limited to temperatures below rv 100 K. 

6.3.2 SPINOE Enhancement of Surfaces 

Following the successful solution-phase results obtained from laser-polarized xenon 

dissolved in liquid benzene [89], it was demonstrated that the nuclear spin polarization I \ 

of both laser-polarized xenon and helium could be selectively transferred to nuclear 

spins on solid surfaces in high field (4.2 T) via the SPINOE [171]. In contrast to 
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the previous cross-polarization experiments, the magnetization transfer was estab-

lished by dipole-dipole cross-relaxation between surface spins and mobile polarized 

gas atoms adsorbed on the surface, in a manner similar to that in the liquid-state NMR 

...... '- experiments described previously. It should be remembered that cross-relaxation is a 

less efficient means of transferring polarization than direct cross-polarization. How-

ever, while the overall signal enhancements observed with the SPINOE are smaller 

than those obtained via cross-polarization and zero-field mixing, surface selectivity 

can still be achieved with easier sample preparation over a much wider range of ex-

perimental conditions, without the need for strong rf fields or field cycling procedures. 

Figure 6.2 shows the evolution of the 1 H magnetization of surface -OH groups 

on particles of Aerosil130 after exposure to laser-polarized 129Xe. Each point in 

the plot corresponds to the integral of the Fourier-transformed free induction decay, 

proportional to the instantaneous total nuclear magnetization. The inset shows the 

corresponding IH spectrum at the Boltzmann equilibrium (top spectrum) and after 

negatively polarized xenon has caused an enhancement of the surface magnetization 
, 

(bottom spectrum); the enhanced spectrum is shown for the time to when the negative 

enhancement has reached a maximum. A maximum enhancement factor of -20 was 

observed for the 1 H magnetization. In this type of experiment, the magnitude of the 

I SPINOE depends on the cross-relaxation rate (O"HXe) and on the number of noble 

gas spins on the surface, which can depend on the sample temperature. SPINOE 

enhancements using adsorbed 129Xe were measured between about 100 and 200 K, 
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with the greatest enhancement obtained at 130 K. 

Experiments were also performed that demonstrated SPINOE polarization trans

fer from both laser-polarized xenon and helium to a polymer coating (polyethylene 

oxide (PEO), with an average molecular mass of ~400,000) on Aerosi1130 particles. 

The adsorption of laser-polarized xenon at 130 K permitted a fractional SPINOE en

hancement of the PEO 1H NMR signal of about 10, with an estimated value for (jHXe 

of 7 x 10-4 S-l. However, this value is about an order of magnitude lower than that 

expected based on the estimated number of adsorbed xenon spins (and other relevant 

experimental parameters). Possible origins of this disparity may have included the 

presence of other relaxation pathways (i.e., other than xenon-proton dipole-dipole 

interactions) such as paramagnetic centers and 129Xe eSA, as well as the likelihood 

that not all of the protons were accessible to the adsorbed noble gas spins (this latter 

effect would make the cross-relaxation rate seem smaller than it actually is). By using 

laser-polarized 3He, signal enhancements between 100% and 200% could be observed 

for protons of PEO coating the Aerosil surfaces at sample temperatures between 4 

K and 10 K. The helium-proton cross-relaxation rate, (jHHe, was estimated to be 

",1 x 10-3 S:--1. Finally, the ability to enhance 13e NMR signals via the SPINOE was 

demonstrated following the adsorption of laser-polarized xenon onto 13e labelled CO2 

coating Aerosil300 particles. An enhancement factor of -4 was observed for the 13e 

spins, with an estimated xenon-carbon cross-relaxation rate (jCXe ~ 4 X 10-4 . 

More recently, it was shown that silicon nuclei could be polarized indirectly via 

-,;:-. 

I 
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Figure 6.2: SPINOE enhancement of the integrated 1 H NMR signal from surface -OH 
groups on Aerosi1130 particles following adsorption of negatively laser-polarized 129Xe 
[171]. Signals taken prior to xenon absorption early in the experiment are shown for 
comparison. The largest enhancement factor observed was -20. The inset respectively 
shows a thermal equilibrium 1 H NMR spectrum (top) and the corresponding spectrum 
obtained when the negative enhancement had reached its maximum. Figure courtesy 
of Roberto Seydoux. " " 
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the SPINOE by a technique called SPINOE-CP [172], despite the low accessibility 

of these spins to the adsorbed xenon. By adsorbing laser-polarized xenon onto the 

surfaces of Aerosil300 particles, the polarization of surface protons cou~d be enhanced 

via the SPINOE; this enhanced polarization could then be rapidly transferred by 

conventional Hartmann-Hahn cross-polarization methods to neighboring 29Si spins in 

the material's lattice [172]. Fractional enhancements of 4 to 5 for the 29Si NMR signal 

could be obtained with this technique. 

6.4 Enhancing NMR with Continuous Xenon Flow 

By adapting the design of an optical pumping apparatus capable of producing 

a continuous stream of laser-polarized xenon gas [54], a constant supply of laser

polarized xenon could be delivered to a sample within an NMR magnet [43, 44]. 

Figure 6.3 shows 129Xe NMR spectra of laser-polarized xenon gas delivered to the 

NMR magnet under continuous-flow conditions. The steady-state non-equilibrium 

129Xe nuclear spin polarization attainable in this system recovers the i~itial conditions 

for each acquisition in only 4 s, as shown by the rapid change in the spectra when the 

optical pumping laser is turned off and then on again. With this apparatus, 129Xe 

NMR experiments are not limited in time by longitudinal relaxation. Moreover, 

pulse sequences requiring a steadily renewed nuclear spin polarization can be applied 

without any restriction, permitting phase cycling, signal averaging, and a variety of 

multi-dimensional NMR experiments (and MRI experiments, as discussed in the next 

I 
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chapter). 

For example, the continuous delivery of fresh laser-polarized xenon gas permitted 

the direct observation of xenon exchange between two different zeolites within a pow

dered sample via two-dimensional exchange spectroscopy (EXSY) [173]. A 2-D 1
29Xe 

EXSY spectrum of laser-polarized xenon exchanging between particles of zeolites Y 

and ZSM-ll taken at 220 K is shown in Fig. 6.4. This experiment was performed 

with a xenon partial pressure of only 1.3 KPa. The 2-D spectrum shown was obtained 

with an exchange mixing time of 25 ms. The diagonal peaks at 91 ppm and 150 ppm 

correspond to xenon residing in zeolite Y and zeolite ZSM-ll, respectively. The exis

tence of cross-peaks in the EXSY spectrum is indicative of significant xenon exchange 

between the two sites within the given exchange period. By analyzing the dependence 

of the cross-peak signal· intensities upon the mixing time, a mean exchange time of 

15 ± 5 ms could be determined. 

Recently, 129Xe OPNMR was used to study the behavior of xenon in a poly

crystalline sample with 5 A channels under conditions of continuous xenon flow [174]. 

This subnanoporous material is comprised of tris( o-phenylenedioxi)cyclo-phosphazene 

(TPP) in such a way that the 5 A channels are formed with nearly perfect cylindri

cal symmetry, leading to an effectively one-dimensional gas phase for xenon within 

the material. The use of continuous flow of laser-polarized xenon afforded ·enormous 

129Xe NMR sensitivity, allowing numerous experiments to be rapidly and systemati

cally performed under varying conditions of temperature and xenon partial pressure 
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Figure 6.3: Multiple 129Xe NMR spectra obtained at 2 s intervals from a continuous 
stream of laser-polarized xenon gas flowing through the sample region within an NMR 
magnet. By turning the pumping laser off and on, the rapid· recovery of the xenon 
polarization can be observed. In this experiment, the signal recovered with a time 
constant of rv4 s. Figure courtesy of Roberto Seydoux. 
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Figure 6.4: Contour plot of a 2D 129XeEXSY spectrum of laser-polarized xenon 
adsorbed on a mixture of highly siliceous zeolites Y (Faujasite) and ZSM-ll, taken at 
220 K with a xenon partial pressure of 1.3 KPa. The existence of cross-peaks shows 
that significant xenon exchange occurs between the two zeolites during the mixing 
time of 25 ms. Figure courtesy of Eike Brunner. 
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within the flowing gas mixture. 

When a gas mixture comprised entirely of laser-polarized xenon was flowed through 

the TPP material, it was observed that the chemical-shift anisotropy (eSA) of the 

129Xe signal varied with temperature in such a way that full inversion of the anisotropy 

could be achieved over the available temperature range, as shown in Fig. 6.5(a). For 

example, at 373 K, the observed 129Xe lineshape is indicative of a nearly axially sym

metric eSA with positive anisotropy. However, decreasing the temperature results in 

an isotropic line at 333 K, and the sign of the anisotropy becomes inverted by 263 

K. The authors note that while such eSA inversions have been observed previously 

[175, 176], the behavior in the present case is unique because the nearly perfectly axial 

eSA and the collapse to the isotropic line at 333 K suggest that only two opposing 

mechanisms exist that govern the djstortion of the xenon electron cloud from spherical. 

symmetry. Namely, the authors suggest the two mechanisms to be 1) interactions be

tween xenon atoms and the near-cylindrically symmetric walls of the channels and 2) 

collisions between xenon atoms and other gas-phase species (i.e. other xenon atoms). 

Indeed, varying of the xenon concentration within the flowing gas mixture from 1% to 

100% at constant (ambient) temperature produced a similar inversion of the axially 

symmetric eSA, as shown in Fig. 6.5(b). The authors suggest that because such 

results can be described by simply considering the competing influences of gas-gas 

and gas-wall interactions, the xenon/TPP system constitutes an ideal system with 

which to study physisorption and diffusion of gases within nanoporous materials. 
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Figure 6.5: Inversion of 129Xe eSA of laser-polarized xenon gas flowing through sub
nanometer channels of TPP. (a) Temperature dependence of 129Xe eSA with gas 
mixture comprised entirely of laser-polarized xenon. (b) Xenon partial pressure de
pendence of 129Xe eSA at ambient temperature. Figures courtesy of Roberto Si
monutti and John Logan. 
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Other experiments have recently been performed that take advantage of continu

ous xenon flow to perform novel polarization transfer experiments. SPINOE polariza

tion transfer to surfaces does not require immobilization of the laser-polarized noble 

gas. Thus, not only can surface-selective SPINOE experiments be performed over a 

broader range of temperatures, but they can be carried out indefinitely undercondi

tions of continuous flow. In one demonstration, laser-polarized xenon was streamed 

continuously over an Aerosil surface to selectively. enhance the surface proton spins 

via the SPINOE [43]. Following delivery of laser-polarized xenon to the sample, the 

gas was recirculated with a mechanical pump back into the optical pumping cell for 

re-polarization, permitting the experiment to be performed without interruption for 

several hours. With this technique, a steady-state enhancement of 200% was achieved 

(,,-,800% when isotopically-enriched 129Xe was used), with a steady-state 129Xe polar.., 

ization of only "-'0.25% at the sample. 

6.5 SPINOE under Magic-Angle Spinning 

Subsequent work has been directed towards the development and application of an 

experimental apparatus capable of delivering a continuous stream of laser-polarized 

xenon to the sample, while performing magic-angle spinning (MAS) of the sample in 

order to obtain enhanced, high-resolution surface NMR spectra [177,178,179, 184]-a 

process denoted by Raftery and co-workers as OPMAS. One such OPMAS apparatus 

used by Pines and co-workers is shown schematically in Fig. 6.6. The first portion 
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of the apparatus is identical to that used to perform the previous continuous-flow 

experiments under static sample conditions [43], adapted from the original design of 

Driehuys et al. [54]. As described previously for the continuous-flow apparatus shown 
. 

in Fig. 2.5, a high:-pressure (rv800 KPa) gas mixture of xenon, nitrogen and helium 

streams from a gas cylinder through a heated pumping cell (rv400 K) containing a 

small amount of rubidium metal, where the Rb atoms are optically pumped at the 

wavelength of the Rb DI transition with circularly polarized light produced by a high-

power (2: 100 W) diode laser array. After passing through the pumping cell the gas is 

expanded to normal pressure, and finally directed into a homebuilt double-resonance 

probe equipped with a commercial variable-temperature MAS unit (Fig. 6.6 inset). 

OPMAS was first demonstrated by Raftery and co-workers in" experiments de-

signed to obtain SPINOE enhancement of surfa,ce protons with high resolution under 

conditions of continuous flow of laser-polarized xenon [177]. In these experiments, the 

I H NMR signal from water adsorbed onto fumed silica particles (surface area: 420 

m2 jg) was enhanced via the SPINOE at 150 K while spinning the sample at ",3000 

Hz. The SPINOE provided a two-fold increase in IH NMR signal compared with 

the thermal equilibrium signal; the cross-relaxation rate (jHXe was measured to be 

These experiments were soon followed by work performed by Pines and co-workers 

in which the OPMAS apparatus shown in Fig. 6.6 was used to obtain high-resolution 

SPINOE spectra of surface protons of Aerosil300 Si02 particles under conditions of 
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Figure 6.6: Schematic of an apparatus used for OPMAS experiments [178]; see text 
for description. Figure courtesy of Eike Brunner. 
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continuous xenon flow [178]. Figure 6.7 shows variable-temperature IH "SPINOE

MAS" spectra from the Aerosil sample acquired at a resonance frequency of 301.2 

MHz and with a sample spinning rate of about 3 kHz; these spectra were obtained by 

subtracting the signal obtained when the sample was at thermal equilibrium (laser 

off) from the signal obtained when the xenon was laser-polarized (laser on). The high

est SPINOE signal intensity-about 140% of the equilibrium signal-was observed 

at ~168 K. The efficiency of the spin-polarization transfer strongly decreased with 

increasing temperature (most likely do to increasingly inefficient xenon adsorption), 

in agreement with previous observations [171]. One striking feature of the spectra in 

Fig. 6.7 are the spinning sidebands, denoted by asterisks (*); as expected, these side

bands are each offset from the main 1 H Aerosil resonance by the spinning frequency 

of the MAS rotor. 

The above examples demonstrate the ability to observe SPINOE enhancement 

of proton NMR signals under MAS conditions. However, the surface area of the 

fumed silica and Aerosil particles used in such studies is high (e.g., 300 m2/g for 

Aerosil300). Moreover, enhancing the NMR signals of nuclei other than protons would 

be advantageous for a number of reasons, including 1) wider chemical shift ranges, 

giving more sensitivity to local structure in a material; and 2) improved spectral 

resolution, resulting from reduced line broadening from reduced homonuclear dipolar 

coupling. In more recent studies, the ability to perform high-resolution SPINOE 

polarization transfer experiments to other types of nuclei, and on materials with 
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Figure 6.7: SPINOE-MAS IH difference NMR spectra taken from surface -OH groups 
on Aerosil300 particles at 173 K (a), 168 K (b,c), and 163 K (d) [178]. Spectrum 
(c) was obtained under the same conditions as (b), but with thermally-polarized 
xenon (obtained by turning the optical pumping laser off), demonstrating that the 
signals shown originate entirely from cross-relaxation with laser-polarized xenon. the 
asterisks (*) denote spinning sidebands. Each spectrum was taken as the sum of four 
scans, with a repetition time of 10 s. Figure courtesy of Eike Brunner. 
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much smaller surface areas, was demonstrated. 

In one report, 129Xe_13C SPINOE-MAS experiments were performed on micro

crystallites of fullerenes (C60 and C70 ) [179]. FUllerenes are attractive systems to 

study with such methods because their spin relaxation behavior is well-characterized 

[180, 181, 182, 183], and the 13C longitudinal relaxation times can be relatively long 

at low temperatures (e.g., 13C Tl rv 80 s for C60 [181]). However, because the average 

diameter of the crystallites was large (rv4 /-lm for the C60 sample and rv2 /-lm C70 ), 

the respective surface areas of these samples were estimated to be only rv 1 and rv2 

m2/g. 

Figure 6.8(a) shows 13C MAS NMR spectra of C60 obtained under different condi

tions. The equilibrium 13C MAS NMR spectrum of C60 , denoted Fig. 6.8(a)(1), shows 

the characteristic single line of C60 at 144 ppm [182]. The SPINOE spectrum shown. 

in Fig. 6.8(a)(2) was obtained as the difference between the spectrum measured when 

laser-polarized 129Xe was flowing through the rotor, and the spectrum measured when 

the xenon was thermally polarized. The intensity of the SPINOE signal corresponds 

to rv15% of the intensity of the spectrum shown in Fig. 6.8(a)(1). However, be

cause only a very small fraction of the C60 molecules is located on the surface of the 

crys~allites (rvO.0015, estimated from the mean crystallite diameter and the diame

ter of a C60 molecule (rv1 nm)), The actual enhancement of the 13C spins directly 

(or indirectly) coupled to the laser-polarized xenon was significantly larger. Assum

ing that the SPINOE polarization transfer occurs only to C60 molecules located at 
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crystallite surfaces, one can conclude that the observed signal enhancement of '" 15% 

would correspond to a polarization enhancement factor of about 100. However, this 

estimate neglects 13C spin diffusion, which can transport spin polarization into the 

bulk of the crystallites, resulting in a lower effective magnetization enhancement for 

the spins. Ideally, such spin diffusion is quenched under fast-MAS conditions (when 

the sample-spinning rate is greater than the homonuclear linewidth), although the 

degree of residual spin diffusion was difficult to determine. Nevertheless, by assuming 

full spin diffusion (i.e., the spin diffusion observed in a static sample), an upper limit 

for the penetration depth of 30-40 nm could be estimated, resulting in a lower limit' 

for the SPINOE enhancement factor of ",3. 

Figures6.8(b) (1) and 6.8(b) (2) show the 13C MAS NMR spectra of C70 crystallites 

measured at room temperature and 150 K, respectively, with assignme~ts as given 

in Ref. [182]. Because the residuallinewidths of the 13C MAS spectra increase with 

decreasing temperature [182]' the signal resulting from C1 carbons is poorly resolved 

at 150 K. While the spectrum in Fig. 6.8(b) (2) was measured in the presence' of a 

gas stream carrying thermally-polarized xenon (i.e., with the laser turned off), the 

spectrum in Fig. 6.8(b)(3) was obtained while the laser was on, producing differential 

enhancements in the 13C spectra. Specifically, Fig. 6.8(b)(3) shows an increase in 

intensity ·of the signal resulting from carbons in the C2 and C3 positions (147 ppm) 

of about 25%, more clearly shown in the difference spectrum (Fig. 6.8(b)(4)). How

ever, in agreement with the results of previous calculations and measurements [182]' 
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Figure 6.8: 13C MAS spectra obtained from (a) C60 and (b) C70 crystallites [179]. 
(a)(1) 13C MAS NMR spectrum obtained when the gas stream contained only 
thermally-polarized xenon (laser off). (2) Difference SPINOE-MAS 13C NMR spec
trum obtained by subtracting Spectrum (1) from a spectrum obtained using laser
polarized xenon. (3) Difference spectrum obtained in the absence of laser-polarization. 
The observed enhancement factor in (2) was about 15%. (b) 13C MAS spectra ob
tained from C70 crystallites at room temperature (1) and 150 K (2-4) [179]. (1,2) 
Spectra obtained in the absence of lasE(r-polarization. (3) Spectrum obtained with 
flow of laser-polarized xenon. (4) The signal obtained from subtracting (2) from (3), 
showing the differential enhancement of the C2 --t C3 resonance. Figures courtesy of 
Eike Brunner. 
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identical l3C Tl values of ~5 s were measured for the C2, C3, C4, and C5 carbons 

at 150 K. Therefore, it is likely that the greater SPINOE for the C2/C3 resonance 

results from a higher cross-relaxation rate. The origin of this selectivity is unknown, 

but may be due to greater xenon accessibility to C2 and/or C3 carbons in the C70 

crystallites, or a higher heat of adsorption of xenon for these sites. 

In a second study, both the SPINOE and SPINOE-CP were used to enhance the 

NMR signals of l3C and 29Si spins on the surfaces of fumed silica particles [184] under 

conditions of MAS and continuous xenon flow. In a manner similar to that of Ref. 

[172], signal enhancement of 29Si spins of the fumed silica particles (surface area: 389 

m2/g) was achieved by first permitting SPINOE polarization transfer from adsorbed 

laser-polarized xenon to surface protons, and then coherently driving polarization 

from these surface protons to neighboring 29Si spins via Hartmann-Hahn CPo The 

observed 29Si NMR signal was enhanced by about 16%. For l3C spins of l3C-labelled 

methanol chemisorbed onto the fumed silica surfaces, however, it was observed that 

the SPINOE was more efficient than SPINOE-CP (30% vs. 7.6% enhancement). The 

authors point out, however, that the observed SPINOE enhancement may actually 

be the result of a relayed SPINOE through the protons, instead of a direct SPINOE 

between the xenon and carbon spins. 
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Chapter 7 

Enhanced Imaging of Materials 

7.1 Introduction 

The non-destructive characterization and imaging of materials continues to be an 

experimental challenge. For example, the properties of many porous materials can 

depend not only on the overall porosity, but also on the size distribution and con

nectivity of the pores within a given material; unfortunately, such parameters can be 

difficult to study without destroying the material in question. While in principle such 

materials can be studied by infusing them with water, mercury, or other liquids (of

ten at high pressure), there are various samples whose chemical or physical sensitivity 

precludes such approaches, including many polymers, catalysts, ceramics, aerogels, 

food products, and antiquated or fossilized remains (the study of living samples is the 

subject of the next chapter). As inert gases, xenon and helium can provide contrast 
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for studies of material inhomogeneity and sample morphology in a non-destructive 

fashion. Some work has been performed using gaseous 129Xe to image various mate

rials samples (see for example, Ref. [185]). However, a serious limitation of the MRI 

of gases is the low density in the gas phase compared to that of condensed-phase 

media (e.g. liquid water), as well as the normally low equilibrium nuclear spin polar

ization. Luckily, the enormous signal enhancement afforded by optical pumping can 

more than make up for the low spin density of gas-phase media. 

In this chapter, a variety of materials applications of xenon OPMRI are described. 

The first section contains examples where laser-polarized xenon gas is used to image 

macroscopic void spaces in samples under static (zero xenon flow) conditions. This 

section is followed by a discussion of work involving the imaging of laser-polarized 

xenon in condensed phases. A considerable portion of this chapter (comprising the. 

third section) is dedicated towards the effects of diffusion and boundary-restricted 

diffusion on MRlj such behavior is especially easy to study with laser-polarized noble 

gases. Finally, this chapter concludes with a discussion of recent work demonstrating 

OPMRI of laser-polarized xenon in porous materials under conditions of continuously 

recirculating flow. 
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7.2 Gas Imaging Under Static Conditions 

7.2.1 First Phantom Studies 

Following the use of laser-polarized xenon gas to image the void spaces in excised 

rat and guinea pig lungs [186, 187J (discussed in greater detail in the next chapter), 

laser-polarized xenon gas was used to image void spaces in materials under static 

conditions without the need for signal averaging [188J. Figure 7.1 shows enhanced 

129Xe MR images obtained following the admission of laser-polarized xenon gas into 

structured phantom samples. Specifically, Fig. 7.1(a) shows a FLASH 129Xe MR 

image of xenon gas in a phantom in which void spaces have been cut to give the 

chemical symbol for xenon ("Xe"), while Fig. 7.1(b) shows a FLASH 129Xe MR 

image of xenon gas in a phantom comprised of three nested glass tubes; the gaps 

between the tubes varied from a to 2 mm. It was possible to obtain 129Xe MR images 

with a resolution of ",100 11m, on the order of the diffusion-limited resolution for 

gaseous xenon when using typical micro-imaging gradients. The ability to directly 

image xenon penetration within an aerogel sample as a function of time was also 

demonstrated. 

7.2.2 An Anthropological Application of Polarized Gases? 

Following the experiments imaging laser-polarized xenon in the glass phantoms, 

the potential for using laser-polarized xenon to image void spaces in samples of ar-
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Figure 7.1: Two-dimensional MR images of laser-polarized xenon gas in phantom 
samples. (a) Image obtained following the admission of laser-polarized xenon in a 
phantom sample (cross-sectional diameter: ",7 mm) in which void spaces have been 
cut to give the chemical symbol for xenon ("Xe") . (b) Image obtained following 
the admission of laser-polarized xenon in a phantom comprised of three nested glass 
tubes, with geometry as shown in the diagram [188] . Figures courtesy of Yi-Qiao 
Song. 
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chaeological or anthropological interest was investigated [189]. Figure 7.2 contains a 

series of 2-D slice-selected FLASH images of laser-polarized xenon gas in a glass tube 

containing an ancient human tooth. The tooth was provided by Tim White of the 

Department of Integrative Biology, UCB. As before with the glass phantom images, 

areas with bright signal correspond to regions in the sample where laser-polarized 

xenon is present. The images are shown in order, top to bottom of the tooth (i.e., 

Fig. 7.2(a) shows a 2-D slice taken from the crown region of the tooth, Figs. 7.2(b,c) 

show slices taken from the middle region of the tooth, while Fig. 7.2( d) shows a 

slice taken from the root region). Of particular interest in the images of Fig. ·7.2 is 

the region of moderately bright signal coming from the center of the tooth, which 

corresponds to laser-polarized xenon gas residing within a cavity of the tooth. 

It is difficult to imagine a more non-invasive manner by which to image such a 

sample than sealing it in a tube with an inert noble gas and measuring the distribu

tion of that gas via the application of non-ionizing (rf) radiation. Unfortunately, it 

is normally the case that the void spaces of such samples-especially ones of greater 

antiquity and ones that have become fossilized-would be completely filled with solid 

mineral deposits or rock during sedimentation processes that take place over thou

sands (or millions) of years, thereby negating any chance of gleaning useful informa

tion via OPMRI (for example, to estimate brain case volumes of hominids by imaging 

skull remains). Instead, other methods such as X-ray tomography are likely to be 

better suited in such cases. 
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Figure 7.2: False-color 129Xe OPMRI of an ancient human tooth [189J. Color key: 
yellow- high signal, magenta-medium signal, navy, low signal, light blue/white-no 
signal. (a) crown. (b) upper middle region of tooth. (c) lower middle region of tooth. 
(d) root. Human tooth sample provided by Tim White. 
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7.3 Enhanced Imaging in Condensed Phases 

The enormous sensitivity enhancement provided by optical pumping, along with 

the long spin-lattice relaxation time of 129Xe in benzene, permitted the dissolution 

and macroscopic transport of xenon in benzene to be observed in detail via OPMRI 

[89]. Figure 7.3(a) shows a series of 2-D FLASH 129Xe OPMR images taken as a 

function of dme immediately following the exposure of partially deuterated benzene 

to gaseous laser-polarized xenon.· A macroscopic xenon concentration gradient is 

observed to rapidly form in the tube at short times; this concentration gradient is 

then observed to become more equilibrated over time by the ~:OO mark. The final 

image shows an equilibrium distribution of xenon obtained by vigorously shaking the 

sample. Interestingly, the concentration at early times is observed to be greatest 

at the bottom of the tube. This xenon accumulation at the bottom of the sample 

likely originates from density differences between the xenon/benzene solution and 

neat benzene; the heavier, xenon-rich regions that form at the top of the solution 

following xenon diffusion into the solvent gravitate to the lower regions of the tube 

via convection. 

The dissolution of laser-polarized xenon also permitted the SPINOE enhancement 

of the benzene proton polarization to be directly imaged. Figure 7.3(b) shows two 

2-D IH "SPINOE MR images" taken two minutes and six minutes following exposure 

of a fully protonated benzene sample to laser-polarized xenon gas, along side a third 

proton MR image obtained with the benzene protons at thermal equilibrium. The 
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Figure 7.3: Time-dependent OPMRl of laser-polarized xenon dissolving in benzene 
[89]. The vertical axis of the images is parallel to the external magnetic field and 
the long axis of the NMR sample tube. (a) Time-resolved false-color 2-D FLASH 
MR images of the dissolved xenon in a sample tube containing partially deuterated 
benzene taken immediately following exposure to gaseous laser-polarized xenon. (b) 
2-D false-color IH SPINOE MRl of fully protonated benzene taken 2 minutes (left 
image) and 6 minutes (middle image) following the introduction of laser-polarized 
xenon; an equilibrium IH MR image is also shown (right image). The negative region 
in the left image (yellow/black region) originates from the expansion of the liquid 
phase of benzene following the dissolution of xenon. The images were obtained by the 
EPI method. The distortion of the images reportedly originated from inhomogeneity 
in the static magnetic field. Figures courtesy of Yi-Qiao Song. 
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SPINOE images were obtained by subtracting the equilibrium image from the data 

obtained following xenon dissolution; the maximum enhancement in the first image 

was 5%, while the maximum enhancement in the second image was 12% (the contrast 

for the SPINOE images was multiplied by a factor of 8). Note that the concentration 

gradient seen previously in Fig. 7.3(a) is also observed in the 2 minute SPINOE 

image (left). This effect is expected, as the SPINOE enhancement of the proton 

magnetization will normally scale with the local xenon concentration in the absence 

of strong xenon binding. The uniform appearance of the SPINOE image taken at 6 

minutes, however, suggests that the xenon concentration had equilibrated throughout 

the benzene sample by the time that the image was acquired. 

Following work demonstrating the potential for enhanced sensitivity and MRI 

resolution from the imaging of frozen laser-polC\.rized xenon at 77 K [190], similarly-. 

minded MRI experiments were performed on liquid laser-polarized xenon at 166 K 

[109]. However in this work, the presence of both liquid and gas phases of xenon within 

the tube, in addition to the bright NMR signal and long xenon spin-lattice relaxation 

times,permitted the direct observation xenon exchanging between the phases. Figure 

7.4 contains a series of 2-D FLASH 129Xe MR images taken of laser-polarized xenon 

condensed in a Pyrex tube at various stages of exchange. Specifically, Figure 7.4(a) 

shows an image of the liquid xenon that has collected at the bottom of the tube, 

while Fig. 7.4(b) shows the corresponding gas image; Figs. 7.4( c-f) show xenon 

evaporation as a function of time, while Figs. 7.4(g-j) show the corresponding images 
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Figure 7.4: 129Xe FLASH MRI of laser-polarized xenon condensed in a tilted glass 
tube at 166 K [109]. (a) MR image ofliquid laser polarized xenon that has condensed 
at the bottom of the tube. The image resolution was 195 x 195 J-lm2 , limited by the 
strength of the applied magnetic field gradients. A displaced liquid xenon signal can 
also be seen in the xenon gas image in (b) resulting from rf-excited xenon atoms in the 
gas phase condensing into the liquid phase prior to acquisition. (c-f) Time-resolved 
MR images tracking the evaporation of liquid laser-polarized xenon, taken 12 s (c), 
46 s (d), 3:30 min (e), and 5:15 min (f) after the xenon gas signal was destroyed by 
the application of multiple selective rf pulses and gradient pulses. (g-j) Time-resolved 
MR images tracking the condensation of gaseous laser-polarized xenon, taken 25 s (g), 
63 s (h), 2:30 min (i), and 6:30 min (j) after the xenon liquid signal was destroyed by 
the application of multiple selective rf pulses and gradient pulses. Figures courtesy 
of Glenn Wong and Ronald Walsworth. 
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of xenon condensation into the liquid phase. The propagation of laser-polarized xenon 

in the vapor phase (shown in Figs. 7.4(c-f)) is consistent with the xenon gas diffusion 

coefficient under the given experimental conditions (about 0.02 cm2 Is). In principle, 

the authors state, liquid laser-polarized xenon MRI could achieve a resolution on the 

order of 10 /-Lm3 at 166 K (with gradient strengths on the order of 400 Clem). The 

authors suggest many possible applications of the liquid laser-polarized xenon MRI, 

including studies of density equilibration and convective flow near xenon's critical 

point and the imaging of microstructure in porous media. 

7.4 Effects of Diffusion on Imaging 

In condensed phases, the resolution of MRI can reach a few microns under the 

most ideal of circumstances, and is normally limited by the low signal obtained from 

the relatively low number of spins in such small regions. However, one limitation 

on the resolution of laser-polarized gas imaging originates from the rapid diffusion 

of gases, typically several orders of magnitude higher than in liquids. As previously 

mentioned, the resolution of the images in Fig. 7.1 was limited to about 100 /-Lm 

because of the rapid diffusion of the polarized xenon gas. 

In addition to limiting the MRI resolution, diffusion may distort the lineshape of 

MR images for samples containing boundaries or diffusion barriers within the space 

being imaged. This effect was first suggested by numerical simulations [191, 192] . 

and was later explored experimentally [193, 194] using 1 H NMR of liquid samples. 
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In one dimension, the diffusion problem has been solved analytically [195, 196, 197]. 

However, the detailed characterization of such effects has been difficult using 1 H 

NMR. For example, given a value for the diffusion constant of water molecules Dw ~ 

2 X 10-5 cm2/s, the corresponding effects from diffusion would occur over a distance 

d = J2Dwt, or less than 10 /lm during a time t of a typical one-dimensional (I-D) 

imaging experiment (rv l0 ms). An imaging resolution below 10 /lm is difficult to 

achieve because the signal from such a small region is often too weak. 

The use of laser-polarized xenon gas for studying the effects of boundary. restricted 

diffusion provides two advantages: a strong NMR signal and a large· diffusion length. 

Given a xenon diffusion constant at 1 atm of 0.0565 cm2/s [198], one obtains a value of 

d = 0.034 cm for t = 10 ms, which can be readily measured. In fact, these advantages 

have been exploited to measure diffusion constants of laser-polarized gases under 

various conditions [77, 199]. Recently Saam et al. [200] used samples of polarized 

3He to study the the effects of diffusion on imaging, while demonstrating the ability to 

image such polarized gases at low field (discussed later in Chapter 9); however, those 

investigations were performed only in the weak-diffusion regime, where the diffusion 

length is much smaller than the sample size. 

In ~ more recent study, the effects of diffusion on MRI were examined in greater 

detail using I-D samples oflaser-polarized xenon gas [201]. In these experiments, the 

strength of the applied gradient and the geometric dimension of the I-D sample could 

be varied; permitting the evolution of diffusion-mediated image distortions between 
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the regimes of strong and weak diffusion to be studied systematically. By directly 

measuring the displacement distribution of the polarized xenon atoms, it was shown 

that in the weak-diffusion regime the image distortions originate from the restricted 

diffusive motion near the sample boundaries, in agreement with previous theoretical 

work. Finally, it was shown that diffusion-weighted imaging experiments could be 

employed to actively enhance the contrast between the boundaries and bulk in the 

images of polarized gas samples, thereby demonstrating the potential of using polar

ized gas MRI for boundary detection in porous media. These results suggest that 

boundary detection schemes that take advantage of diffusion, in addition to stud-. 

ies of boundary-constrained diffusional motion, may have application to medical and 

materials imaging using laser-polarized noble gases. 

7.4.1 Experimental Methods 

In order to simplify the analysis of the I-D imaging experiments, A long rectangu

lar glass tube (0.07 by 0.66 cm'in cross-section) was used for all imaging experiments. 

A spherical xenon reservoir of several cc was attached above the sample tube to pro

vide enough polarized xenon gas to permit several imaging experiments with each 

optical pumping run. All experiments were performed at 4.3 T with isotopically en

riched (129Xe) xenon polarized with a batch optical pumping apparatus; the xenon 

pressure in the tube was typically about 2 atm. Following optical pumping, laser

polarized xenon was transferred to the tube via cryopumping and subsequently placed 
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in the imaging probe parallel to the direction (Z) of the static magnetic field (Eo). 

The axis parallel to the 0.66 cm side is designated as X, while the axis parallel to the 

0.07 cm side is designated as iJ (imaging experiments were performed along both x 

and if). In all of these experiments, a slice-selection z gradient was applied during 

the rf excitation, creating a slice depth of about 0.4 cm. The rf coil was a saddle coil 

2.0 cm long and 1.2 cm in diameter. The use of such a large coil and slice selection 

helped to ensure that the rf field would be homogeneous (but significantly reduced 

the filling factor in these experiments). Having an extremely homogenous static field 

is also important for such· work, as the effects of diffusion are most pronounced at 

low field gradient and directly manifest themselves as changes in the spectral line 

shape. Linewidths of 0.6-1.5 Hz were obtained in the absence of applied gradients by 

shimming directly on the polarized xenon gas samples. 

Three pulse sequences were used in these experiments, and are shown in Fig. 7.5. 

In the pulse sequence used for I-D imaging (Fig. 7.5(a)), a 500 J1s Gaussian excitation 

pulse (tipping angle: ~ 5°) is applied during a slice-selection gradient along z. Fol

lowing the excitation pulse, a gradient pulse is applied, and the free induction decay is 

acquired and Fourier transformed to obtain the image. The displacement distribution 

measurements were performed using the pulsed-field-gradient spin-echo method (see 

for example, Ref. [202]). The pulse sequence used in this experiment is shown in Fig. 

7.5(b), where the displacement dimension is formed by incrementing G I , while the 

second dimension is created from acquisition under G2 • In these experiments, both I , 

. I 
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Figure 7.5: Pulse sequences used for various boundary-restricted diffusion experi
ments [201]. (a) The rf pulse is a Gaussian amplitude-modulated pulse of 500 f-LS and 
is applied during a slice selection gradient (88) along z. The imaging gradient was 
applied along either x or if depending on the experiment. (b) The pulse sequence 
for the measurement of the displacement distribution in the xenon gas sample. The 
displacement dimension is formed by stepping the gradient strength G1; the second 
gradient is equal to the first gradient in strength but opposite in sign. The second di
mension originates from direct imaging with the gradient G2 . (c) The pulse sequence 
used in the edge-enhancement imaging experiments. Imaging gradients were along x; 
the duration 71 of the first gradient was varied. 
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G1 and G2 were gradients along~. Fig. 7.5(c) contains the pulse sequence used for 

edge-enhanced imaging. In these experiments, both imaging gradients are directed 

along x and the duration of the first gradient 71 was varied to change the level of 

contrast between xenon at the boundaries and the bulk. 

7.4.2 Imaging in the Limits of Strong and Weak Diffusion 

In order to study how diffusion distorts MR images, two series of I-D images were 

taken as a function of the gradient G along both axes of the sample. These series of 

images are shown respectively in Fig. 7.6 for G along if and in Fig. 7.7 for G along x. 

To avoid extra line broadening and lineshape distortion, careful optimization of the 

gradient direction was necessary; this was particularly important when the gradient 

was applied along if because of the sample's shape. For example, a error of only 2° in 

the direction of the gradient would cause severe distortion of the lineshape, drowning 

out the effects of diffusion at low gradient strength. 

Eight I-D images are shown in Fig. 7.6 with G along if and a gradient range of 

0-0.70 G/cm. These images display a smooth evolution of the lineshape from a sharp 

resonance at zero gradient, to a slightly broadened but still single resonance at small 

gradient, to the development of two broad lines at higher gradient strength. 

Fig. 7.7 is comprised of five images taken with G directed along x varying in 

strength from 0.063-0.63 G/cm. As the gradient strength is increased, the intensity 

of the signal from the middle region becomes rather fiat, and the two broad fea-



7.4. EFFECTS OF DIFFUSION ON IMAGING 167 

Gy 

(G/cm) 1 
0.0 ______ '-__ _ 

0.072 ____ 1. 
• an 

0.17 .-,.. ........ __ .. ,1", .. ,' .. 

0.24 .... _ • ....... _.I_I.",.A~_1 ......... ---.Jl:o 

0.31 _,. c, A ., 
, ._A __ 0.36 

0.55 .............. ...-

0.65 _._.--

0.70 ~.,..,-
• • I I • • • I I • • • • I I I • • 

-62.5 -31.25 0 31.25 62.5 -62.5 -31.25 0 31.25 62.5 

Frequency (Hz) 

Figure 7.6: 1-D 129Xe MR images taken as a function of applied gradient along if, 
obtained with Gy = 0, 0.072, 0.17, 0.24, 0.31, 0.36, 0.41, 0.46, 0.51, 0.55, 0.65, and 

·0.70 G/cm [201]. These images depict the evolution of the lineshape with increasing 
gradient strength in the strong-diffusion regime. 
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Figure 7.7: 1-D 129Xe MR images taken as a function of applied gradient along X, 
obtained with Gx = 0.063, 0.13, 0.25, 0.44, 0.63 G/cm [201]. These images depict 
the evolution of the lineshape with increasing gradient strength in the weak-diffusion 
regime. Note the pronounced edge-enhancement effects. 
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tures seen in the previous images of Fig. 7.6 grow into sharp, well-defined spikes 

whose locations correspond to positions near the sample boundaries (the so-called 

"edge-enhancement effect"). Each image also contains a slight but noticeable drop 

in intensity just inside each of the edge-enhancement peaks, as predicted in previous 

theoretical work [191, 192, 196]. Edge spikes such as these have been observed (but 

not characterized) recently in polarized gas samples [200, 203];Saam et ai. [200] 

used this effect to demonstrate edge enhancement in the images of polarized 3He gas 

samples. However, to date there has been no previous demonstration of strongly 

diffusion-averaged images such as those shown in Fig. 7.6. 

A conceptual understanding of the diffusion-mediated image distortions shown in 

Figs. 7.6,7.7 is relatively straightforward, at least at the extremes of weak and strong 

diffusion. De Swiet and Sen [196] have introduced a parameter called the diffusion 

length, ig, that characterizes these two regimes: 

(7.1) 

where D is the diffusion coefficient of the substance and 'Y is the gyromagnetic ratio 

of the nuclear spin. Simply stated, ig is the distance that a molecule will diffuse 

during the time that its nuclear spins acquire a unit of phase under the influence of 

a gradient of strength G. Fig. 7.8(a) shows a plot of 19 vs. G for xenon gas over 

the range of the gradient strengths produced by a typical MRI spectrometer. The 
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maximum imaging resolution is limited to about2lg; thus, the resolution that may 

be obtained from xenon gas imaging is limited to about 100 p,m for a typical gradient 

value in a micro-imaging apparatus (at one atmosphere of xenon pressure). 

When 19 is much greater than the geometric dimension ls of the sample along the 

direction of the gradient vector (i.e., experiments within the strong-diffusion regime), 

a spin will diffuse throughout the available space before the dephasing from the gra-

dient can occur. In this case an averaged frequency of the nuclear spin is measured. 

In other words, all of the spins have essentially lost their memory of their initial posi-

tions; thus, all have the same average frequency giving rise to a single resonance line, 

as shown in the first four spectra of Fig. 7.6. In this regime the effect of the gradient 

is primarily manifested by an apparent line broadening. Previous theoretical work 

[196] has shown that in this regime the lineshape can be effectively approximated 

by a Lorentzian; indeed, the first three images in Fig. 7.6 clearly possess Lorentzian 

lineshapes. De Swiet [197] has shown that the Lorentzian lineshape should persist 

until lsllg = 2. In this regime, an analytical expression for the time dependence of 

the NMR signal 8(t) is given in Ref. [14]: 

8(t) ( "(Gl; ) 
8(0) = exp-t . 120. q , (7.2) 

while the corresponding frequency domain lineshape is given in Ref. [197]. Fig-

ure 7.8(b) contains a comparison of the above theoretical prediction for liT;' = 
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Figure 7.8: (a) Plot of 19 VS. gradient strength over the range of a typical MRI 
spectrometer, for xenon gas pressure of 1 atm [201]. The limit of the MRI resolution 
is approximately 2lg • (b) A plot of l/T~ as a function of G [201]. Filled circles are 
from the time-domain data taken in the strong-diffusion regime, with the contribution 
from the residual field inhomogeneity removed by subtracting the value of l/T~ when 
G = O. The curve was calculated using Eq. 7.2. Experimental values deviated from 
the theory when G > 0.17 G/cm due to the departure from Lorentzian lineshape. 
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I'Gli!(120 .l~) with experimental values measured from the initial slope of the signal 

decay for the images in Fig. 7.6 prior to Fourier transform. From the figure one can 

see that the experimental data matches the theoretical prediction quantitatively for 

G ~ 0.17 G! cm; the deviation at higher gradients originates from the departure from 

a Lorentzian lineshape. 

In circumstances where 19 « ls, (i.e., experiments within the weak-diffusion 

regime), the effects of diffusion are most clearly observed near the edges (where diffu

sive motion is restricted). This effect can be understood qualitatively in the following 

manner. Because xenon atoms near the edges of the sample are reflected back upon 

collision with the edges, the average displacement of these xenon atoms is smaller 

than the displacement of the xenon atoms in the middle of the sample during the ap

plication of the gradient. In other words, the spins near the edges lose their memory 

slower than those in the middle of the sample, and thus the decay of the signal from 

spins near the edges is slower than that for spins in the middle. This slower decay 

in the time-domain signal causes the pronounced, narrow spikes to appear near the 

edges in the images of Fig. 7.7 once the signal is Fourier transformed. In addition, 

the reflection at the edges also leads to each peak being positioned at some distance 

("-' 19) from the actual edge. More precisely, theoretical work [197] has shown that 

this distance is equal to -ai 19' where a1 is the first zero of the derivative of the first 

Airy function, and ai ~ -1.0188; This value is consistent with the results presented 

here [201] and with those of Saam et al. [200]. It is important to remember, however, 

I I 

I J 
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that such amplitude variations are only relative, and the integral of the image is actu

ally conserved regardless of the diffusion in the sample. An analytical solution of the 

diffusion problem in one dimension has been,reported [195, 197]; it has been shown 

[197] that the peaks near the edges can be identified with slowly relaxing normal 

modes. 

In order to compare the experimentally obtained images shown in Figs. 7.6,7.7 

with theoretical expectations, calculations were performed to simulate the diffusion 

of xenon in the 1-D sample in the presence of magnetic field gradients. These simu

lations modeled the effects of xenon diffusion by following the phase accumulated by 

dimensionless particles making random walks between the sample boundaries. The 

free-induction-decay signals that were calculated were then Fourier transformed to ob

tain simulated 1-D images. Up to one million particles were used in order to reduce. 

the noise in the simulations. The algorithm used for these simulations is similar to 

those used by Hyslop and Lauterbur [191] and Putz et al. [192]; the calculations pre

sented here agree with their previous results when given the same set of parameters. 

Three of these simulated images are shown in Fig. 7.9, and may be compared with 

the experimentally obtained images taken with the corresponding gradient values. 

As shown in the figure, the simulations reproduce the experimental results well in all 

three cases. The principle sources of asymmetry in edge-enhancement spikes of the 

experimental images are likely to have been inhomogeneity in Eo and imperfections 

in the shape of the sample tube. 
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Figure 7.9: Comparison of experimentally obtained images with numerical simulations 
[201]. I-D simulations were performed for the images obtained with gradient strengths 
of 0.24 and 0.70 G/cm along fi and 0.25 G/cm along x. 
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7.4.3 Measurements of the Displacement Distribution 

As previously discussed, the difference between the diffusion behavior near the 

boundaries and that at the center of the sample originates from the impermeability 

of the glass walls. Xenon atoms adjacent to the sample walls can only diffuse inward, 

thus altering the displacement distribution of those atoms compared to that of xenon 

atoms near the center of the sample. This change in the xenon displacement distri

bution gives rise to two effects: 1) a net displacement of the gas atoms near the edges 

towards the center; and 2) the range of the displacement for atoms near the edges 

is significantly reduced. In fact, these two effects correspond, respectively, to the 

first and second moments of the displacement distribution, whkh is a Gaussian for 

diffusion in free space. At the sample edges, however, the displacement distribution is 

neither Gaussian nor symmetric, and thus higher order moments are also significant. 

Therefore, it is useful to characterize such boundary-restricted diffusive motion by 

directly measuring the displacement distribution as a function of position across the 

sample. 

By measuring the displacement distribution, one could obtain, for example, a 

spatially dependent diffusion constant whose values are expected to be larger in the 

middle of the sample and smaller near the edges. However, it is interesting to note 

that the second moment of the displacement distribution actually becomes wider 

at the sample's edges (see Fig. 7.1O(d)); thus, any calculated position-dependent 

diffusion constant would become greater at the boundaries than values calculated 
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for regions near those boundaries. This effect can be rationalized by considering the 

one-dimensional diffusion of three identical particles over a short time t, with one 

particle distant from any boundaries, one particle positioned d/2 from a boundary, 

and the last particle positioned at a boundary. The first particle will travel a distance 

dover t. Over the same amount of time, the particle near the boundary may end up 

very near its original position due to reflection from a collision with the boundary. 

The particle at the boundary, however, will tend to travel inward away from the 

boundary, free from reflection and traveling a longer distance (on average) than that 

traveled by the second particle. However, because of the limited spatial resolution 

in the experimental results shown here, it proved difficult to directly observe this 

phenomenon. 

The displacemeJ?t distribution was measured using the pulse sequence shown in 

Fig. 7.5(b); the time domain data were Fourier transformed in both dimensions, 

and are shown in Fig. 7.10(a). When normalized, this figure shows the probability 

P(x, Xo, t) of displacement x - Xo as a function of the starting position Xo over a time 

period t. Because xenon atoms at the edges can only diffuse inward, one would expect 

that the displacement distributions at the two edges of the sample would slant toward 

opposite directions, while the displacement distribution would be symmetric at the 

center. This effect is in fact observed in Fig. 7.10(a), despite the finite resolution of 

the imaging along x. The displacement distributions at the two edges and the center 

are shown in Fig. 7.10(b). As expected, this figure clearly shows that the displacement 
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Figure 7.10: (a) Measurement of the displacement distribution as a function of posi
tion along x at Td = 25 ms acquired with the pulse sequence shown in Fig. 7.5(b). 
Differences in the displacement distribution caused by constrained diffusional motion 
near the sample boundaries are evident. (b) Normalized displacement distribution 
near the two edges (slices 1 and 3) and in the center (slice 2). The vertical lines indi
cate the mean displacement for each distribution. (c) Plot of the mean displacement 
(first moment) as a function of x. Filled circles are data calculated from (a) , and the 
curve represents theoretical values from Eq. 7.4; experimental data were shifted up 
~23 J.Lm to correct for a slight deviation from zero most likely resulting from gradient 
mismatch. (d) Plot of the range of displacement (second moment) as a function of 
x. Open squares are data calculated from (a), and the curve represents theoretical 
values from Eq. 7.5. A decrease in diffusive motion is manifested near the edges; 
however, the growth at the edges shown in the theoretical values was not observed 
experimentally because of insufficient resolution. 
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distributions at both edges of the sample are asymmetric and skew toward opposite 

directions. Values of both the mean displacement and the second moment of the 

displacement distribution were calculated for all slices from the data in Fig. 7.1O(a), 

and are shown in Figs. 7.10(c) and (d) respectively. The net displacement toward 

the center of xenon near the edges, as well as a restriction of diffusive motion near 

the edges, is clearly shown. 

One may analytically solve the diffusion equation near a one-dimensional wall 

using a Green's-function approach and obtain the probability of finding an atom at 

a position x after diffusing from the original position Xo over a time t: 

1 
P(x, xo, t) = y'4;]5t {exp [-(x - xo)2/4Dt] + exp [-(x + xo)2/4Dt]} . (7.3) 

47rDt 

The position of the boundary is defined to be at x = O. For regions distant from 

the boundary, x > > J2Dt, this function reduces to the familiar Gaussian form for 

diffusion in free space. Because the sample dimension is much greater than J2Dt , 

the effect of the other boundary can be neglected, and it is therefore sufficient to 

consider the effect of only one boundary. The average displacement and the width of 

the displacement distribution can be calculated using Eq. 7.3: 

_ ~ {exp (- x6 ) + ~ [erf (~) - 1] } y; 2~ d~ d~ , 
(7.4) 

1 - f§.. Xo exp (_ x6 ) + 2x6 [1 - erf (~)] Y; d 2d2 d2 dV2' 
(7.5) 



7.4. EFFECTS OF DIFFUSION ON IMAGING 179 

where d = v2Dt and ~x = x - Xo. Plots of the calculated < ~x > and J < (~X2) > 

values are shown for comparison with the experimentally measured data in Figs. 

7.1O(c) and (d). 

7.4.4 Edge-Enhanced Imaging for Boundary Detection 

Diffusion-weighted imaging has been utilized in many areas of magnetic resonance 

imaging (see for example, Refs. [12,204,205]). In fact, .it has been suggested that the 

effects of diffusion on MRI can be used to detect impermeable and semi-permeable 

membranes [191]. As previously mentioned, it has been shown that diffusion-mediated 

edge spikes like those seen in Fig. 7.7 can be used to differentiate between the bound

aries and bulk of a sample of laser-polarized gas, and thus represent a "passive" 

form of edge enhancement [200] . However, such contrast between the edge and bulk 

signals can be greatly increased by the application of a pulse sequence that takes 

advantage of the different behavior of the diffusion in these regions. In the case of the 

I-D sample used in the present experiments, one may understand such an "active" 

edge-enhancement method in terms of a position-dependent diffusion constant, D(x). 

According to the displacement distribution, D (x) would be smaller near the bound

aries; thus the decay of the NMR signals during the application of a magnetic field 

gradient should be slower for spins near the boundaries and faster spins distant from 

the boundaries. Therefore, the contrast between the boundaries and the interior of 

the sample should become more pronounced if sufficient time is allowed for diffusion 
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to occur during the application of the pulse sequence. 

The pulse sequence used to demonstrate this form of edge-enhanced imaging is 

shown in Fig. 7.5(c). I-D edge-enhanced images taken with this sequence are shown 

in Fig. 7.11, taken with 71 = 2, 4, 6, 8, 10 ms. For 71 = 2 ms, the diffusion is 

not significant enough to change the ratio of the signals from the edges and the 

center of the sample, and thus in such cases an essentially static image is obtained. 

When 71 2: 4 ms, however, the effect of diffusion is easily discerned, as the signal 

corresponding to the sample boundaries is brighter than the signal corresponding to 

the middle of the sample. At 71 > 6 ms the signals originating from the center of 

the sample are almost negligible, and only the xenon near the edges of the sample 

contributes to the images. This same effect has been observed in the experiments of 

Callaghan et al. [194] using 1 H MRI. 

While the simple imaging sequence shown in Fig. 7.5(c) can generate enormous 

contrast between the boundaries and the interior of a sample, this feat is accomplished 

at the expense of the signal intensity. For example, the signal-to-noise ratio for the 

71 = 8 ms image is approximately two orders of magnitude less than that for the 71 = 

2 ms image. Even with the use of laser-polarized xenon, some signal averaging was 

necessary in order to obtain the 71 = 8 and 10 ms images. 

While it is intuitively appealing to describe the behavior observed in the images of 

Fig. 7.11 in terms of a position-dependent diffusion constant, such a model does not 

correctly describe the functional form of the signal decay for the edges at long times. 
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Figure 7.11: Edge-enhanced imaging. Images were obtained using the pulse sequence 
shown in Fig. 7.5, with II values of 2, 4, 6, 8, and 10 ms and a gradient of 3.3 
Clem along x. The images taken with II = 8 and 10 ms were acquired with 900 

excitation pulses and 32 and 64 averages, respectively; the recycle delay was long 
enough to allow the diffusion in the sample to replenish the polarized xenon in the 
space being imaged. Restricted diffusion at the edges of the sample reduces the decay 
of signal suffered in the middle of the sample. The asymmetry in peak heights from 
the sample edges is most likely due to inhomogeneity in the static magnetic field and 
contributions from imperfections in the sample's geometry. 
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De Swiet [197] has shown that the decay of the signal S at the peaks near the edges 

changes from a 7{ dependence (log ( S) ex: -7n, to one that is linearly dependent on 

time (log(S) ex: - 71). Naturally, this change in the time dependence results in greatly 

extended signals at long times, and hence produces sharp peaks in the images near the 

sample's edges following Fourier transformation. This exponential time dependence 

also explains the consiste~cy of the linewidth of the edge peaks over time in the 

images for 7 = 6, 8, 10 ms. 

7.5 Imaging with Continuous X enon Flow 

Recent work has been directed toward the combination of laser-polarized 129Xe 

gas MRI with continuous xenon flow [206] . The continuous-flow system described in 

Chapter 2 was modified so that xenon could be continuously recirculated through a 

sample within a micro-imaging gradient set. The steady-state nuclear spin polariza

tion of laser-polarized 129Xe can thus be applied without time limitations for MRI of 

small void spaces in porous materials or studies of flow through miniature constric

tions. By using a continuous-flow system, gas-phase NMR signals of laser-polarized 

xenon can be observed using conventional multi-dimensional imaging pulse sequences 

and signal averaging. As shown in Fig. 6.3, the steady-state non-equilibrium 129Xe 

nuclear spin polarization attainable in this system recovers the conditions for each 

acquisition in a short time (0.2-4 s), depending on the sample density and differential 

pressure applied. Therefore, MRI experiments are not limited in time by longitudi-
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nal relaxation, and multi-dimensional imaging pulse sequences Hjquiring a steadily 

renewed nuclear spin polarization can be applied. 

Figure 7.12 shows a two-dimensional cross-sectional 129Xe MR image of the void 

spaces of nine capillary tubes (with one tube possessing closed ends), which was 

acquired using a conventional 2-D "spin-warp" imaging pulse sequence (for review, see 

Ref. [10]) taken under conditions of continuous flow of laser-polarized xenon (flowing 

perpendicular to the plane of the image) [206]. The glass walls of the capillaries are 

visible as dark circles in the image. The capillary that was flame-sealed on both 

ends contains no xenon and remains dark, producing the signal void in the upper 

center of the image. The above experiment demonstrates the feasibility of imaging 

under continuous flow of laser-polarized 129Xe, and suggests that this approach could 

prove especially useful for imaging studies of porous materials with short longitudinal. 

relaxation times for 129Xe. 

The continuous flow of laser-polarized xenon can be further exploited by employing 

pulse sequences that have velocity-encoding capabilities, permitting various novel 

experiments designed to study flow in porous materials. For example, the PGSE 

experiment used in the previous section for measuring displacement distributions may 

be implemented for simultaneous measurement of a displacement distribution in one 

dimension and spin density in another orthogonal dimension. In such experiments, 

a modified PGSE pulse sequence can employ a slice selection gradient chosen in the 

same direction as the pulsed gradients that encode the flow [207]. The displacement 
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Figure 7.12: 2-D cross-sectional Fourier image of laser-polarized xenon gas flowing 
through a sample comprised of a glass tube (7 mm i.d.) containing one sealed and 
eight open-ended capillaries (1.3 mm o.d.) aligned parallel to the gas-flow direction 
(x), each having a wall thickness of rv200 J-lm [206]. The image was processed with 
zero-filling and fitting with a cubic spline routine. The data was acquired as a 256 x 
128 matrix, using 128 phase-encoding steps and a read gradient of 60 G/cm. Figure 
courtesy of Lana Kaiser. 
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of the selected gas spins in the flow direction during the fixed time ~ gives rise to 

a characteristic echo damping [10]. A second gradient (Gy ) is applied to generate 

the spatial resolution perpendicular to the flow direction. A 2-D data set S(k, q) is 

acquired as a function of k = (27r)-1,Gyt and q = (27r)-1,Gx 8. This type of combined 

k-space and q-space imaging is also known as dynamic NMR microscopy [10]. Fourier 

transformation with respect to q results in a profile of the displacement probability, 

containing information about velocity and diffusion. At each point perpendicular to 

the direction of flow, the mean velocity is given by the position of the signal maximum. 

The width of the typically Gaussian-shaped line is a function of the apparent diffusion 

coefficient. 

Figure 7.13(a) shows the dynamic displacement profile of laser-polarized 129Xe 

flowing through a glass tube (inner diameter=6 .. 3 mm) with a 3:1 constriction [206]. 

The maximum velocity is observed in the center region of the tube (y = 0). The 

lower signal intensity in this region compared to that of other regions originates from 

the higher velocity in the center region (rv7 cm/ s), and is not related to differences in 

longitudinal relaxation. It is interesting to note the two negative velocity components 

close to the walls of the tube that arise from xenon back-flow from the constriction. 

This behavior originates from secondary flow vortices typical for laminar flow. 

A combination of four factors, the Reynolds number (Re), determines whether 
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the flow of a fluid through a tube is laminar or turbulent [208]: 

R
d. Vave ' e 

e=----.:.. 
'fl 
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(7.6) 

where Va;;e is the average forward flow velocity, d is the diameter of the tube, e is 

the density, and 'fl is the viscosity; turbulent flow occurs when Re 2: 2000. For the 

laser-polarized xenon gas mixture in the glass tube, the Reynolds number did not 

exceed 30, and thus remained well within the regime of laminar flow. The value used 

for the viscosity in this calculation was determined according to the equation given in 

Ref. [209] for multi-component gas mixtures. The difference in the speed of the two 

components with negative velocity reveals that the constriction hole is not located in 

the center of the tube, most likely a consequence of the glass-blowing process. The 

location of the back-flow was upstream of the constriction, verified by velocity profiles 

taken perpendicular to the flow direction. 

Figure 7.13(b) shows a dynamic displacement profile of 129Xe flowing through 

slices of two different polyurethane (PU) foams contained in a 3.5 mm (i.d.) glass 

tube [206]. The upper PU foam possessed a lower density, and had a larger average 

pore size; the mean pore radius was determined by optical microscopy to be ",200 

f.Lm). In comparison, the medium-density PU foam at the bottom had a smaller pore 

size, with a mean pore radius of ",100 f.Lm. The mean gas velocity of 5.5 cm/s in the 

medium density foam is lower than the 8.1 cm/s value observed for the low-density 
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foam; the friction is naturally greater in the higher-density material [208]. 

A variety of new applications of gas flow MRI are immediately suggested' from 

the above examples. For example, this new technique may have applications in fluid 

mechanics, as it may aid in the study of flow under various conditions (e.g., under lam

inar VS. turbulent flow regimes). Other possible applications of this non-destructive 

technique may include the study of restricted diffusion and flow of gases in porous 

materials and the measurement of pore size distributions in such systems. 
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Figure 7.13: Dynamic displacement profiles of laser-polarized xenon flowing through 
porous materials [206] . (a) Dynamic displacement profile of laser-polarized xenon 
flowing through a 3: 1 constriction. (b) Dynamic displacement profile of laser-polarized 
xenon flowing through slices of two different polyurethane foams with mean pore sizes 
of ",200 /-Lm (top) and ",100 /-Lm (bottom). Note the greater average velocity, as well 
as the greater spread in velocities, in the top portion of the image. The probability 
displacement profile is consistent with the pore sizes of the different materials. Figures 
courtesy of Lana Kaiser. 
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Chapter 8 

Biomedical Applications of 

Laser-Polarized Noble Gases 

8.1 Introduction 

Laser-polarized noble gases hold enormous potential for enhancing sensitivity and 

contrast for a variety of in vivo NMR and MRI experiments. In addition to void

space imaging in the body, laser-polarized noble gases could be powerful MR probes 

of tissues and blood flow. Not surprisingly, research involving the development of 

biomedical applications of laser-polarized noble gases has been particularly vigorous. 

Readers of this thesis can find reviews of this field in Refs. [63, 17, 74]; Ref. [63] also 

provides a historical perspective of the field's development. 

In this chapter, the general topic of biomedical applications of laser-polarized 
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noble gases is introduced. The first section is dedicated towards what has become 

the most noteworthy application of laser-polarized noble gases: the imaging of lung 

space. The remainder of the chapter is mainly concerned with the application of 

laser-polarized gases specifically for tissue studies, with special attention paid to the 

issues of delivery, partitioning, and spin-relaxation of noble gases in vivo, including 

the investigation of noble gas injection methods. 

8.2 Void Space Imaging 

Void spaces in the body are normally difficult to image with conventional diagnos

tic methods (e.g. X-ray tomography and 1 H MRI) because of the low concentration 

of signal sources in the gas phase. However, the characteristics that make laser

polarized noble gases advantageous for imaging porous materials (e.g., strong NMR 

signal and negligible chemical reactivity) also make them extremely promising for 

imaging void spaces in vivo, especially lung space [63, 74]. Such applications are 

particularly important in light of the morbidity and mortality associated with many 

pulmonary diseases, including emphysema, lung cancer, and chronic obstructive pul

monary disease (COPD). COPD is currently the fourth leading cause of death in the 

United States. 

The potential held by polarized gases for novel biomedical studies was first demon

strated in 1994, when laser-polarized xenon was used to image the void spaces in 

excised mouse lungs [186]. Three such 129Xe lung space images are shown in Figs. 
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8.1(a-c), along with a corresponding IH image (Fig. 8.1(d)). The polarization en

hancement afforded by optical pumping permitted multiple images to be acquired 

with signal-to-noise and spatial resolution (on the order of 0.14-0.28 mm3 ) unrivaled 

by previous methods. Moreover, the region producing large signals near the center 

of the IH image (Fig. 8.1(d)), originating from the mouse's heart, corresponds to 

regions void of signal in Figs. 8.1(b,c), demonstrating the potential for obtaining 

excellent contrast between gas space and tissue in such MRI studies. The 129Xe Tl 

was measured to be rv30 s for the gas mixture in the mouse lungs; it was projected 

that the presence of oxygen necessary for a normally breathing animal would reduce 

the 129Xe Tl to rv 15 s, still long enough to obtain several bright images. 

Experiments involving excised animal lungs [186, 187] were soon followed by con

siderable work involving the imaging of polarized xenon and helium in the lung spaces 

of living animals (see for example, Refs. [211, 212, 213, 214, 215]). Indeed, progress 

in this field has been rapid, as multiple studies involving human subjects have now 

been performed [216, 218, 219, 220, 221]. Delivery of the laser-polarized gas can be 

achieved easily and in a relatively non-invasive manner via respiration. Such studies 

could be performed by imaging under continuous-breathing conditions, by gating res

piration to the MRI spectrometer to synchronize the breathing cycle with acquisition, 

or by simply having the patient hold his or her breath during acquisition immediately 

following inhalation of the laser-polarized gas. Inhalation of laser-polarized xenon has 

also permitted imaging of the oral cavity [222]. 
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Figure 8.1: MR images taken from the excised lungs and heart of a mouse following 
delivery of laser-polarized xenon gas [186]. (a-c) 129Xe images respectively taken rv1 
s (a), rv2 s (b), and rv7 s (c) following gas delivery via the trachea. (d) corresponding 
1 H image. Note that the bright region (the heart) corresponds to the central signal 
void in (c). Figures courtesy of Mitchell Albert. 
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Figure 8.2 contains a 129Xe MR image taken from the lungs of a healthy human 

volunteer following respiration of laser-polarized xenon [220J . As with the case of 

the excised mouse lung images shown in Fig. 8.1, the correlation between the signal 

voids in the gray-scale IH MR image (Fig. 8.2(a)) and the bright regions in the 

corresponding false-color 129Xe MR image (Fig. 8.2(c)) is excellent (shown in the 

image overlay in Fig. 8.2(b)) . 

Recent experiments involving both guinea pigs and humans have been performed 

with the goal of imaging lung space with the highest possible resolution [221J. Pre

viously, most polarized-gas lung images were performed with conventional pulse se

quences (e.g. FLASH and GRASS) under held-breath conditions. The authors point 

out that such experiments permitted observation of the larger airways in the lungs, 

as well as gas-exchange areas and outlines of the vasculature of the lungs and nearby 

tissue. However, such methods do not normally permit the smaller lung airways to 

be resolved; these airways are obstructed from view at full inspiration by the bright 

signal from the lung periphery. By gating the respiration of the subject, the authors 

could carefully control the timing of the application of the imaging pulse sequence 

with respect to the breathing cycle, permitting images to be obtained at different 

points in the respiration process. This ability, combined with the use of a radial 

acquisition pulse sequence [223], permitted fourth-order branchings to be observed 

in the human lung images, and fifth-order branchings to be observed in the guinea 

pig lung images. Three of a series of high-resolution 3He MR images taken from 
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Figure 8.2: In vivo MRI of human lung space following respiration of a gas mix
ture containing laser-polarized xenon [220]. (a) Grey-scale IH abdominal image. (b) 
Composite IH / 129Xe abdominal image comprised of the IH image in (a) and the 
false-color 129Xe gas-space image shown in (c). Figures courtesy of James Brookeman. 
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the lungs of a guinea pig are shown in Fig. 8.3; such images possess an in-plane 

resolution approaching 100 x 100 fJ,m2• This resolution is particularly impressive in 

light of the rapid diffusion of gaseous helium. The radial acquisition technique was 

chosen partially because it minimizes diffusion effects in images; however, the high 

resolution obtained may also partially result from boundary-restricted diffusion in the 

small passage ways present in the lungs (refer to Chapter 7 for a discussion of MRI 

under conditions of boundary-restricted diffusion). 

Finally, the results of other recent experiments suggest that the goal of clinically 

using polarized noble gas imaging for studying human lungs may soon be realized. It 

has been shown that lung images obtained from healthy human volunteers breathing 

mixtures containing laser-polarized 3He can differ drastically from those of patients 

suffering from COPD, emphysema, and lung cancer [219]. Such images can exhibit. 

inhomogeneities corresponding to insufficient ventilation at different positions within 

the diseased lungs. As of the time that this thesis was written, lung imaging with 

laser-polarized noble gases had advanced to the point of human clinical trials to aid 

in the diagnosis and treatment of various pulmonary diseases. For example, the 

identification of diseased portions of lung tissue is crucial to treatment for patients 

suffering from COPD. The experiments shown in Ref. [219] suggest that imaging 

laser-polarized gases in the lungs of COPD patients could be instrumental in helping 

doctors differentiate healthy and pathological tissue, thereby aiding in the selection 

of lung regions as candidates for surgical removal. 
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Figure 8.3: Three of a series of high-resolution, non-slice-selective 3He MR images 
taken from the lung space of a live guinea pig acquired during respiration of laser
polarized helium [221 J. The timing of the each image acquisition was varied with 
respect to the gated respiration of the polarized 3He; the images shown were taken 
following delays of (a) ;:::::0 ms, (b) 200 illS, and (c) 400 ms. Images were obtained 
with projection-reconstruction methods, involving the mapping of radial trajectories 
of k-space. Figures courtesy of Mark Chawla and G. Allan Johnson. 
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8.3 Enhanced NMR and MRI of Tissues 

While the imaging of lung spaces with polarized gases is extremely promising, it 

is hoped that in vivo applications can be expanded to permit novel studies elsewhere 

in the body. Unlike the case with lung space imaging, however, there is a manifestly 

high concentration of excellent signal sources in tissues for conventional NMR/MRI 

experiments ([1 H) ",80 M), making the need for using dissolved polarized gases less 

obvious. However, the signal from polarized gases in tissues need not be greater than 

the proton signal for a variety of proposed applications to be feasible and useful. 

The unique characteristics of laser-polarized xenon suggest numerous experiments 

involving localized 129Xe NMR spectroscopy, chemical shift imaging, functional MRI, 

exchange spectroscopy, and blood flow/perfusion studies. 

8.3.1 First In Vitro Studies 

The sensitivity of xenon's NMR parameters to its local environment and its rela

tively high solubility in tissues suggest that laser-polarized xenon may serve as a useful 

magnetic resonance probe of living tissues. The prospects for such experiments were 

first explored with a 129Xe NMR study of thermally-polarized xenon dissolved in hu

man blood [224]. Two peaks were resolved in the 129Xe spectra, assigned to xenon 

in red blood cells (RBCs) and xenon in plasma. These results demonstrated the 

ability to simultaneously observe xenon residing in different tissue compartments on 

the cellular level, and suggested a new means of contrast that could be exploited via 
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chemical-shift imaging (CSI) experiments and in vivo localized spectroscopy. 

In later work it was shown that laser-polarized xenon could be efficiently delivered 

to blood samples in vitro by pre-dissolving laser-polarized xenon in saline, and sub

sequently injecting the xenon-saturated solution into open-air test tubes containing 

fresh human blood [225] ; this injection method is described in detail later in this 

Chapter. The blood samples used for xenon injection were prepared by allowing the 

RBCs to settle to the bottom of the tube, and then removing a portion of the plasma. 

Fig. 8.4 contains two 129Xe NMR blood spectra, one taken by signal averaging ac

quisitions of thermally polarized xenon over 1.5 hr (a), while the second spectrum 

(b) was taken with a single scan following the injection of laser-polarized xenon. In 

agreement with the previous studies employing thermally-polarized xenon, two peaks 

were observed, corresponding to xenon in slow exchange between RBCs (at ~216 

ppm) and their plasma/saline surroundings (at ~192 ppm). However, this exchange 

in much faster than the relaxation rate of 129Xe, characterized by a common 129Xe Tl 

for both signals. The enormous signal enhancement shown in Fig. 8.4(b) permitted 

the 129Xe Tl to be easily determined from the exponential signal decay observed from 

multiple acquisitions with small tipping-angle pulses; the 129Xe Tl was measured to 

be ~5 s. 

Both of these studies used blood with relatively low (ambient) oxygen concentra

tions . However, higher blood oxygen concentrations have been correlated with longer 

129Xe Tl values [63]. This sensitivity of the 129Xe Tl to the oxygenation level of 
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Figure 8.4: 129Xe NMR spectra in fresh human blood, with (b) and without (a) 
laser-polarization. Spectrum (a) was obtained using thermally-polarized xenon and 
accumulating 520 scans over 1.5 hours (the xenon over-pressure was about 1 atm). 
Spectrum (b) was acquired after injection of 1 cc of laser-polarized xenon/saline 
solution into 1 cc of a concentrated RBC sample [225]. The 129Xe NMR signal at 216 
ppm originates from xenon in the RBC, while the signal at 192 ppm originates from 
xenon in the saline/plasma mixture [224, 225]. The signal enhancement between the 
two spectra is over 2000. 
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hemoglobin is believed to originate from the binding of xenon to hydrophobic pock

ets in hemoglobin [126]; the binding of oxygen reduces the paramagnetic spin of the 

heme iron. The observed increase in xenon Tl with increasing blood oxygenation was 

recently confirmed by Bifone and co-workers, who carefully controlled the experimen

tal conditions (e.g. temperature, magnetic field, and oxygenation level) of in vitro 

samples of laser-polarized xenon in huamn blood. At body temperature (37°C) and 

1.5 T, 129Xe Tl values were measured to be 6A±O.5 sand 4.0±OA s for xenon in 

blood samples whose oxygenation levels matched those of arterial and verious blood, 

respectively [132]. It should be noted, however, that in studies of polarized xenon 

in blood foam [226], the opposite trend in Tl was observed (i.e., the 129Xe Tl was 

longer in deoxygenated blood foam). While the origin of this disparity is uncertain, 

the authors of the blood foam work point out that extrapolation of their observations 

to normal physiological conditions gives a 129Xe Tl of rv5 s. 

The signal enhancement afforded by optical pumping, in addition to the slow 

xenon exchange and efficient xenon delivery, permitted the direct observation of xenon 

penetrating the red blood cells. However, it was important to first characterize the 

mixing process occuring immediately following the xenon/saline injection. The main 

portion of Fig. 8.5 contains the time-dependent integrated intensities of the 129Xe 

signals from xenon in RBCs and plasma, normalized by the total signal (the inset 

shows the unnormalized data). The initial rise of the normalized RBC signal, as 

well as the initial decay of the normalized saline/plasma signal, originate from the 
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transfer of xenon from the saline/plasma mixture to the RBCs during mixing. The 

time dependence of both normalized signals can be described by a simple exponential 

function of the form 

S(t) = A + B exp (-t/T), (8.1) 

where A and B are constants. The time constant T for the exponential function was 

determined to be ",200 ms, which reflects the time required for the concentrations 

to equilibrate following injection. Thus, by delaying acquisition by a second or more 

following injection (a delay of 3 s was used in the following study), the intrinsic 

exchange of xenon between RBCs and plasma could be easily studied. 

By using a frequency-selective 1800 rf pulse, the xenon saline/plasma resonance 

was inverted, and the subsequent recovery of the 129Xe NMR signals was followed 

with low-tipping-angle rf observation pulses (Fig. 8.6). The reduction of the RBC 

signal, SRBC, and the concomitant rise of the saline/plasma signal, Spl, originate from 

the intrinsic xenon exchange between the RBCs and the plasma/saline environment. 

By using a two-site xenon-exchange model, the observed behavior can be described 

with the following relations: 

dSRBC SRBC Spi (8.2) 
dt 

---+-, 
'TRBC 'Tpi 

dSpl SRBC Spi (8.3) 
dt 

+----, 
'TRBC 'Tpi 
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Figure 8.5: Time dependence of the 129Xe NMR signals immediately following the 
injection of a laser-polarized xenon/saline solution into a test-tube of fresh human 
blood. Main figure: time dependence of the RBC signal (red) and plasma signal 
(blue), normalized by the total signal in both compartments. The initial increase of 
the normalized RBC signal and the reduction of the normalized saline/plasma signal 
describes the dynamical process of xenon entering the RBCs from the saline/plasma 
mixture during mixing. Exponential fits (solid lines) described by Eq. 8.1 give a time 
constant of ",200 ms for the mixing process. Inset: time dependence of the integrated 
xenon signals from both compartments. By following the signal decay after the first 
two seconds, the Tl of the both components was determined to be 5.0 s. The initial 
rise in the total xenon signal intensity during the first second was likely caused by 
the blood mixture descending from the walls of the sample tube into the region of 
the detection coil following the vigorous injection. 
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where TRBC and Tpl respectively govern the residence of xenon in the RBCs and 

plasma. Equations 8.2,8.3 may be solved, yielding: 

(8.4) 

(8.5) 

with 

(8.6) 

where S~BC and S21 describe the signal intensities for the RBC and the plasma reso-

nances immediately following inversion, and 

1 1 1 
-=--+-. (8.7) 
T TRBC Tpl 

Assuming S RBC + Spl is constant over the time of the experiment (a valid assump-

tion in light of the relatively slow rate of 129Xe spin-lattice relaxation), the observed 

exponential decay in SRBC - Spl (shown in Fig. 8.7) gives T = 12.0 ms (taking into 

account the magnetization lost from the application of small tipping-angle pulses to 

observe the signal). Knowing that the pre-inversion value of Spz/ SRBC constrains the 

value of Tpz/TRBC, it can be shown that TRBC = 20.4 ms, which reflects the mean 

residence time of xenon in the RBCs. 



8.3. ENHANCED NMR AND MRI OF TISSUES 

'.:.' 

" 

1.5 ms 

11.1 ms 

............. ~~~ 
I I 

245 225 205 185 165 
Chemical Shift (ppm) 

204 

Plasma 

Figure 8.6: Direct observation of xenon penetrating red blood cells. Following selec
tive inversion of the Xe/plasma resonance, the time dependence of the 129Xe spectra 
was monitored via the application of multiple low tipping-angle rf pulses, as shown in 
the selected spectra. The recovery of the two xenon resonances to a new equilibrium 
reflects the intrinsic exchange of xenon between the red blood cells and the plasma 
[225]. The inversion pulse was an amplitude-modulated (Gaussian) pulse of 1 ms 
duration centered at the saline/plasma signal; this pulse also reduced the absolute in
tensity of both signals by about 50%. A 1 illS gradient pulse was applied immediately 
following the inversion in order to dephase any remaining transverse magnetization. 
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Given a diffusion constant D for xenon of ",2 x 10-5 cm2 (the approximate value 

measured in water at room temperature [78, 227], one can calculate an average dis

tance d = v6Dt =15 J1-m that would be traveled via diffusive motion. This value 

is significantly larger than the dimensions of a red blood cell (a disk ~7 J1-m across 

and roughly 1 J1-m thick). Thus, the motion of the xenon during exchange is likely re

stricted or regulated by some physical or biophysical process, possibly the preferential 

interaction of xenon with the amphiphilic regions of lipid membranes [135]. 

8.3.2 Enhanced In Vivo NMR and MRI via Xenon Respira-

tion 

The respiration of a breathing mixture containing laser-polarized xenon by rats 

permitted enhanced 129Xe NMR spectra to be obtained in vivo [212], shown in Fig. 

8.8. The spectrum in Fig. 8.8(a) shows three separate tissue resonances downfield 

from the gas-phase signal originating from xenon in the rat's lungs (at 0 ppm); these 

tissue resonances were tentatively assigned to xenon residing in red blood cells (at 

~213 ppm), lung tissue (at ~199 ppm), and blood plasma/adipose tissue (at ~ 

191 ppm). Clearly, the xenon exchange is slow enough to permit the four distinct 

resonances from the different compartments to be observed. Moreover, by rapidly 

acquiring 129Xe NMR signals following the rat's breathing cycle, the dynamics of 

the different xenon resonances could be observed (Fig. 8.8(b)). The observed time 

dependence reflects the "wash-in" / "wash-out" dynamics of the xenon as it passes 
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Figure 8.7: Time dependence of the intrinsic exchange of laser-polarized xenon be
tween the two blood compartments following selective inversion of the 129Xe/plasma 
signal. To increase the dynamic range of the experiment, the difference between the 
RBC and plasma signals is plotted. The time constant for the fitted exponential 
decay (solid line) was determined to be ~12 IDS, 
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through the lungs to different tissues in the body, modulated by the spin-lattice 

relaxation of the laser-polarized xenon and the polarization destruction originating 

from rf observation pulses. Intril,lSic 129Xe Tl values are difficult to measure in such 

circumstances because the concentration of laser-polarized xenon is changing with 

time. Instead, the "apparent" decay constants, Tt, of the 129Xe NMR signals were 

obtained directly from the spectra in Fig. 8.8(b)): 12 s for the xenon/RBC resonance, 

26 s for the xenon/lung tissue resonance, and 50 s for the xenon/plasmal adipose tissue 

resonance. These results demonstrated the feasibility of using laser-polarized xenon 

to characterize local blood flow in living tissues. 

Arguably, the organ that has attracted the greatest interest for study via MRI 

is the brain. It has been proposed that differences in the relaxation parameters, 

chemical shift, and solubility of xenon in various tissues under different physiological 

conditions may provide considerable contrast enhancement that could exploited for 

several purposes, including functional MRI of the brain [63J. A number of approaches 

have been suggested to exploit the characteristics of laser-polarized xenon to probe 

brain function [63J. For example, one potential method would combine two effects ex

pected to increase local 129Xe signal in a manner that would correlate with increased 

brain activity: 1) a rise in regional blood flow that will result in a transient increase in 

local polarized xenon concentration, and 2) the longer spin-lattice relaxation time of 

xenon in oxygenated versus deoxygenated blood (discussed previously). This method 

would therefore be somewhat similar to BOLD (Blood Oxygenation Level Depen-
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Figure 8.8: In vivo 129Xe OPNMR spectroscopy [212]. (a) 129Xe NMR spectrum 
from the thorax of an anesthetized rat following respiration of laser-polarized xenon. 
The spectrum was tentatively assigned as follows: i-red blood cells) 2-lung tissue) 3-
blood plasmal adipose tissue) 4 -Xe gas. (b) 129Xe NMR spectra showing the dynamics 
of the xenon resonances in different tissue compartments. Figures courtesy of Arvind 
Venkatesh and Mitchell Albert. 
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dent) contrast experiments (see for example, Refs. [228, 229, 230]), where the higher 

paramagnetism of deoxygenated hemoglobin is exploited to deplete MR signal from 

blood water protons via (transverse) relaxation-weighted methods. By using polar

ized xenon for such studies, it is hoped that changes resulting from brain function 

could be observed with higher dynamic range (i.e., greater contrast) and without 

background signal. 

Additionally, the differential solubility of xenon in various tissue compartments 

could provide a novel form of contrast. The concentration of protons differs little 

across various regions of the body, often giving poor contrast when simply mapping 

proton density via MRI; however, the xenon concentration can vary by over an order of 

magnitude between aqueous and lipid-rich environments. Moreover, lipid-rich tissues 

are typically difficult to image via conventional 1 H MRI, because lipid protons usually 

suffer from rapid transverse relaxation (T2). Thus, polarized xenon may be potentially 

useful for studying lipid-rich regions of the body, such as neural tissue [63J. 

The ability to image laser-polarized xenon in brain tissue was first demonstrated 

when the head region of a laboratory rat was imaged following respiration of laser

polarized xenon [231J. The first such 129Xe brain image is shown in Fig. 8.9(a) as a 

false-color overlay upon the corresponding gray-scale 1 H MR image. From the image 

it is clear that the 129Xe signal clearly originates from the rat's brain, predominantly 

in the cerebrum. A lower limit for Tt for the brain tissue resonance was estimated to 

be ,,-,30 s [232J. Additionally, respiration of laser-polarized xenon by human patients 
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has also produced detectable 129Xe NMR signals originating from the patient's head 

region, most likely in the brain tissue [220]. 

Recently, the resolved differences in chemical shifts for xenon residing in different 

tissues have been exploited to demonstrate in vivo 129Xe chemical shift imaging (CSI) 

following respiration oflaser-polarized xenon by laboratory rats [233]. Two 129Xe CSIs 

can be found in Figs. 8.9(b,c), which respectively show false-color images of xenon 

residing in blood (Figs. 8.9(b)) and tissue (Fig. 8.9(c)), each overlaid upon a gray

scale 1 H MR image corresponding to the same region in the rat's thorax. The 129Xe 

signal in Fig. 8.9(b) corresponds to xenon residing in blood in the rat's heart and lung 

vasculature, while the 129Xe signal in Fig. 8.9(c) was attributed to xenon residing in 

the rat's lung tissue and myocardium. 

It is interesting to note that in this study, only one resonance was observed that 

could be assigned to blood in the 129Xe NMR spectra (with a chemical shift of '"'-'210 

ppm, obtained, for example, from localized NMR spectroscopy from the rat's heart 

region) [233]. This result suggests that under the conditions of their experiment 

(e.g., xenon dissolved in rat blood in vivo at 37°C and 2 T) the xenon exchange 

between RBCs and plasma was fast with respect to the the NMR time scale, in 

contrast to the previous in vitro results involving xenon in human blood at higher 

fields and ambient conditions [224, 225]. Indeed, this result is particularly surprising 

considering the new results of Bifone and co-workers [132], where the xenon exchange 

in human blood was still slow on the NMR time scale even though the experiments 

I . 
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Figure 8.9: In vivo 129Xe chemical-shift images from tissues in rats following laser
polarized xenon respiration, with each 129Xe image shown as a false-color overlay of 
the corresponding gray-scale 1 H image. (a) xenon in brain tissue [231]. (b,c) axial, 
cross-sectional CSls taken from a rat's thorax, respectively showing xenon in blood 
(b) and in lung tissue and myocardium environments (c) [233] . Figures courtesy of 
Scott Swanson. 
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were performed at 37°C and only 1.5 T . The origin of this disparity is uncertain; but 

the possibility that it originates from some differences in sample preparation (i.e., in 

vitro vs. in vivo samples), or some difference between the behavior of xenon exchange 

in human and rat RBCs, has not been ruled out. Nevertheless, based on their results 

the authors of the in vivo rat work suggest a slight alteration of the assignment of the 

three tissue resonances (like those observed in Fig. 8.8); 210 ppm, blood; 199 ppm, 

tissue (e.g. lung parenchyma); and 192 ppm, epicardial fat. Certainly, such 129Xe 

CSI experiments could become a powerful diagnostic tool, permitting lung ventilation 

and perfusion to be studied simultaneously. 

8.4 Injection Delivery of Laser-Polarized Gases 

While not as well-d~veloped as the void-space imaging applications, the use of 

laser-polarized gases for novel in vivo tissue studies clearly possesses great potential. 

Despite the promising results described above, however, the use of polarized gases for 

tissue studies may be limited by the difficulty of delivering the gas to targeted regions 

with high enough local concentration and polarization. Indeed, overcoming the dif

ficulty of delivering laser-polarized noble gases to tissues with sufficient polarization 

and concentration may be critical to the ultimate viability of many proposed in vivo 

studies. 

Respiration delivery can suffer from many factors that can ultimately limit the 

concentration and polarization of laser-polarized gas that can be achieved in tissues, 

I 
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especially those distant from the lungs. When delivered by respiration, polarized 

xenon is diluted throughout the body. More worrisome, however, are the short spin

lattice relaxation times of 129Xe in some living tissues (e.g. blood). Thus, much of the 

polarization may be destroyed in transit before the xenon has reached tissues distant 

from the lungs. Respiration also requires the preparation and use of large volumes 

of polarized xenon for human tissue studies, making it financially impractical to nse 

isotopically enriched xenon to increase the signal; the cost of rv80% 129Xe-enriched 

xenon is roughly two orders of magnitude higher than xenon with natural 129Xe abun

dance. Additionally, the anesthetic properties of xenon may in some circumstances 

limit its concentration in breathing mixtures. Finally, respiration delivery is limited 

to xenon because of the low solubility of helium in tissues. 

At the cost of increasing the invasiveness of the experiment, the injection of bio-. 

logically compatible polarized gas carriers may prove useful for combating all of the 

difficulties concerning tissue delivery mentioned above [17]. Various solvents can be 

chosen which possess high xenon solubility, and which partition xenon away from 

paramagnetic centers in the body, thereby increasing the in vivo 129Xe MR signal. 

Instead of dissolving the noble gas, it has also been shown that stable gas bubbles can 

be formed in certain solutions, thereby permitting helium gas to be administered to 

the body in relatively large amounts for use as an MRI tracer. The injection methods 

permit rapid, efficient, and localized delivery of the polarized gas to a targeted region 

in the body. However, it is important that the advantages of injection delivery be 
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weighed carefully against the possible danger of increasing the invasiveness of any 

study (diagnostic or otherwise) involving human subjects. 

8.4.1 A Model of Injection Delivery of Laser-Polarized Xenon 

Models predicting the amount polarized xenon that could be delivered to tissues 

via respiration and injection can be found respectively in Refs. [234, 235] and Ref. 

[236] ; the simple formalism adapted to model injection delivery of xenon is repeated 

here. Specifically, this model is designed to predict the effective concentration of laser-

polarized xenon delivered, where the effective concentration refers to the number of 

moles of 100% polarized, 100% isotopically labeled 129Xe per unit volume, given 

an actual amount of xenon with known fractional polarization and isotopic labeling 

(100% isotopic labeling is assumed for simplicity). 

Consider a one-compartment uptake/washout model of a bolus injection using an 

inert, freely diffusible tracer (polarized xenon) (see, for example Ref. [237]) . Such 

an injection could in principle be performed intravenously, intra-arterially, or directly 

into the target organ. Momentarily neglecting the delivery time from the injection 

site to the target tissue, one can write a differential equation that governs the effective 

concentration C of polarized xenon in the tissue as a function of time: 

de 
- = klA- k2C 
dt ' 

(8.8) 
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where A is the time-dependent concentration of polarized xenon entering the tissue, 

kl is the specific volume flow in the tissue, and k2 is the effective washout rate defined 

by: 

k _ (kl _1) . 
2 - ). + Tfe ' (8.9) 

here, ). is the tissue/blood partition coefficient and Tfe is the xenon spin-lattice 

relaxation time in the tissue. The general solution to Equation 8.8 is: 

(8.10) 

In order to simplify the model and account for the delivery time loss of polarization 

due to relaxation, the analysis is separated as follows. A(t') is treated as a rectangular 

pulse transiting to the targeted region over a delivery time Td , with time extent Ii 

and constant concentration A, where 

(8.11) 

Here I is the initial effective concentration of polarized xenon in the solvent, Vi is the 

total volume injected, and P is the flow rate between the site of the injection and 

the target. This formalism assumes that (Vi/Ti ) < P; if (Vi/Ti ) ~ P, then A = I. 

Additionally, if the polarized xenon solution is injected directly into the target organ, 
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then kl must be replaced by the injection rate divided by the effective tissue volume. 

The effects of recirculation are assumed to be rendered negligible by the short in vivo 

relaxation times and dilution of polarized xenon throughout the body. The model is 

further simplified by assuming homogeneous and instantaneous equilibration of the 

xenon in the targeted tissue. Additionally, because the primary effect of Td is the loss 

of xenon polarization due to relaxation during xenon delivery, one can now include the 

appropriate exponential decay term (governed by the spin-lattice relaxation time T(/ 

of polarized xenon in the solvent/blood environment) into the simplified solution of 

Equation 8.8. We now obtain the relation for the effective concentration of polarized 

xenon in the targeted tissue following injection: 

0, 

G(t) = (8.12) 

where the peak time Tp = Td + ~, and GTp is the effective concentration of polarized 

xenon in the tissue at Tp. 

The above model predicts that laser-polarized xenon could be delivered to certain 

tissues more efficiently by injection than by respiration [236]. For example, it was 

suggested that by assuming reasonable values for the parameters in Eq. 8.12 (sum-

marized below in Table 8.4.1), injection delivery of laser-polarized xenon dissolved 

in a lipid suspension (described later) could improve the local concentration of po-
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larized xenon in the brain by severalfold over what could be achieved by respiration 

as predicted by a model for respiration delivery [235]. By using Eq. 8.12 and the 

parameters in the table, it was calculated that a peak polarized xenon concentration 

of ",7 x 10-2 mM could be obtained at Tp = 5 s. Naturally, this concentration could 

be increased by using xenon with improved initial polarization, the injection of more 

solution, having a greater xenon overpressure in the shaker (within reason!), or by us

ing a biologically tolerable carrier with higher xenon solubility. This xenon injection 

model does not include a number of complicating physiological issues, such as the 

differing perfusion rates, xenon solubilities, and xenon relaxation times of different 

brain tissues. 

In comparison, the respiration models predict a peak polarized xenon concentra

tion that is severalfold less; for example, the int~ractive model of Martin [235] predicts 

a peak brain concentration of 8.2 x 10-3 mM following a single held breath of a gas 

mixture containing 80% xenon (a value calculated using the same experimental and 

physiological parameters as those used in the injection estimate, excepting those pa

rameters exclusive to respiration, for which the respiration model's default values were 

used). Furthermore, the respiration model predicts that continuous breathing of a 

35% xenon mixture (a xenon concentration low enough to avoid potentially unwanted 

anesthetic effects [62]) would give a peak polarized xenon concentration of 3.3 x 10-3 

mM. 

The increase in peak polarized xenon concentration predicted by the simple in-
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Parameter Value 

Vi 5ml 
Ii 3s 
I 8.7 mMa 

kl [0.00917 S-I]b 
P 4.9 ml/sc 

). 1d 
TXe Is 16 S [225] 
TXe 

1 30 S [232] 
Td 2s 

Table 8.1: Parameter values used for xenon injection model. 

aEstimated from the relative solubility of xenon in the Intralipid emulsion [225] , and 
assuming a 5-atm equilibrium xenon overpressure, an initial xenon polarization of 0.1 
(10%), and 100% isotopic labeling. 
bFrom a brain blood flow rate of 52.9 ml/min per 100 g [238], a brain mass of 1400 g, 
and a specific gravity of 1.04 [239]. 
CEstimated as the total volume of blood per second supplied by one carotid artery, 
given the value for k1 . 

dEffective value estimated from those of white and grey matter given in Ref. [240] 
(in vitro data from dogs). 
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jection model over that predicted with the respiration model primarily originates 

from rapid, localized xenon delivery, high initial concentration (obtained with high 

xenon solubility in the carrier) and extended in vivo 129Xe relaxation time. However, 

it should be noted that the peak polarized xenon concentrations predicted by such 

models depend greatly upon the values of the experimental and physiological param

eters used in the calculations, some of which are not well-known for all physiological 

conditions. 

8.4.2 Experimental Methods 

The original implementation of noble gas injection dates back to the 1960's, and in

volved the injection of saline solutions containing dissolved radioactive xenon isotopes 

(e.g. 133Xe) to study local blood flow in muscular tissue [241, 242]. However, only 

recently was injection explored in conjunction with delivering laser-polarized xenon 

[225] to exploit the intrinsic advantages of magnetic resonance techniques (e.g., high 

spatial resolution, improved contrast and signal-to-noise, and lack of ionizing radia

tion). 

A cartoon summarizing the general experimental procedure for polarized noble gas 

injection is shown in Fig. 8.10. Following batch optical pumping, polarized xenon 

is frozen into the cold-finger of the "shaker" and stored while exposed to a magnetic 

field provided, for example, by a strong permanent magnet. Once the shaker has 

been transported to the NMR spectrometer, the xenon is rapidly sublimated, and 
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delivered at moderately high pressure (a few atm) to a degassed, non-toxic solution. 

Degassing removes paramagnetic oxygen from the solution, thereby increasing the 

polarization lifetime of the dissolved xenon. Following vigorous shaking, the xenon

saturated solution is withdrawn through a high-pressure septum with a syringe, and 

subsequently injected into the sample of interest. For in vivo studies, the injection 

can be administered intravenously, intraarterially, or directly into the target organ, 

depending on the application. Intraarterial injection is often the most efficient route 

for tissue delivery, but is also the most invasive. 

8.4.3 Investigations of Potential Noble Gas Carriers 

Saline is a good carrying agent for laser-polarized xenon because it possesses a long 

129Xe Tl (~66 s, rv 1000 s when deuterated [225]) and high biological compatibility, 

However, it possesses a xenon Ostwald solubility coefficient of only 0.0945 at 27°C 

[240], yielding a concentration of only rv4 mM/ atm. The Ostwald coefficient is derived 

from the volume, at standard temperature and pressure, of a gas that can be dissolved 

in 1 liter of liquid at 1 atm of gas pressure for a given temperature. For comparison, 

the Ostwald solubility of xenon in blood is about 0.18 [240]. Furthermore, in many 

circumstances it would be desirable to partition the xenon away from paramagnetic 

centers in the body, thereby increasing the observed Tl following injection. For these 

reasons, a variety of alternative noble gas carriers have been investigated for potential 

zn vzvo use. 
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in vitro 

eX~7 

in vivo 
experiments 

Figure 8.10: Schematic of an experimental procedure used for polarized gas injection. 
Following optical pumping, xenon is cryopumped into the sample ((a), in this case, 
a shaker containing a few ml of degassed solvent (b)) by immersing the cold finger 
( c) in a dewar of liquid nitrogen (d) containing a strong permanent magnet (rv 1 T). 
Immediately prior to the experiment the xenon is sublimated and admitted to the 
solution with vigorous shaking. The saturated gas solution is then withdrawn via a 
syringe (e) through a high-pressure rubber septum. The polarized gas solution can 
then be injected into samples for in vitro magnetic resonance studies (f) or delivered 
via a catheter (g) for in vivo studies. Surface detection coils (h) are often used in 
such circumstances to improve signal strength. 
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Figure 8.11 contains 129Xe spectra taken from various polarized xenon solvents 

following in vitro or in vivo injection. One class of noble gas carriers are lipid emul

sions. The first such carrier to be investigated was Intralipid (Pharmacia), an aqueous 

suspension of lipid vesicles known to be well-tolerated biologically; in fact, Intralipid 

emulsions are used clinically as nutrient supplements in hospitals. The 129Xe Tl in 

20% Intralipid solutions was determined in different studies to be 40 s [225] and 49 

s [243]. The 129Xe spectra taken from a xenon/lntralipid solution injected into a 

test tube of human blood is shown in Fig. 8.11(a) . The spectrum shows a strong 

resonance at ~194 ppm (corresponding to xenon in the Intralipid) , over six times 

greater than the signal from xenon residing in red blood cells at ~216 ppm . . This 

observation is consistent with the lipophilic nature of xenon, and is responsible for 

two desirable effects: 1) higher xenon concentration (roughly 4 times that of saline) 

and 2) extended polarization lifetime in the blood, with a new 129Xe Tl of 16 s (for 

the Intralipid resonance). The signal in Fig. 8.11(a) was strong enough to obtain an 

MR image, as shown by the 2-D FLASH 129Xe image in the inset. 

Another class of substances that has been investigated for carrying xenon are 

perfluorocarbon compounds and their emulsions. These substances are of particular 

interest in the medical community because of their ability to dissolve and transport 

oxygen and carbon dioxide, making them potentially useful as blood substitutes [244]. 

The first perfluorocarbon substance studied was Fluosol (Green Cross), a 20% per

fluorodecalin emulsion. A spectrum taken following in vitro injection of a polarized 
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Figure 8.11: Xenon in various biologically compatible carrier solvents. NMR spectra 
in fresh human blood obtained using laser-polarized 129Xe in (a) 20% Intralipid solu
tion and (b) Fluosol [225]. The 129Xe NMR signal at a chemical shift of 216 ppm is 
characteristic of xenon in the RBG, and the signal at 194 ppm is from xenon in the 
plasma/lipid mixture. The inset of (a) contains a 129Xe FLASH image taken of a 
test tube containing a blood/Intralipid mixture. In the inset of (b), the broad peak 
centered around 110 ppm is due to xenon in Fluosol. (c-d) 129Xe spectra taken of 
laser-polarized xenon in pure PFOB (c) and xenon-gas-filled liposomes (d) following 
intravenous injection into laboratory rats. Spectra (c) and (d) courtesy of Arvind 
Venkatesh and Mitchell Albert, reproduced from Refs. [243, 247] 
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xenon/Fluosol solution into human blood is shown in Fig. 8.11(b). The now-familiar 

peak at 216 ppm corresponds to xenon in the red blood cells; however, the signal from 

xenon residing in the Fluosol is so broad that it cannot be observed until the whole 

spectrum is shown (Fig. 8.11 (b) inset). The peak from xenon in the Fluosol is roughly 

80 ppm wide (most likely broadened from exchange), making Fluosol unfavorable for 

carrying polarized xenon for the purposes of tracing local blood £low. However it is 

interesting to note that the Tl of the 129Xe red blood cell signal was 13 s, a significant 

increase from that observed when xenon is delivered in saline. This Tl extension 

suggests that Fluosol may be useful as a xenon "reservoir" for chemical-shift imaging 

and localized spectroscopy of tissues. 

Numerous other per£luorinated compounds have since been studied for use as 

possible polarized xenon carriers. Pure per£luorooctyl bromide (PFOB) possesses a 

high xenon Ostwald solubility (rv 1.2 [245]) and can be injected in relatively small 

volumes; the 129Xe spectrum taken following the intravenous injection of a polarized 

xenon/PFOB solution into a laboratory rat is shown in Fig. 8.11(c) [243]. Xenon 

residing in the PFOB produces a strong signal at 106 ppm [245]. No signal is observed 

that could be assigned to xenon residing in the tissues [243]. Thus, pure PFOB ap

pears to be very effective at partitioning the xenon away from paramagnetic species 

in the blood and other tissues, a fact especially evident in the long effective 129Xe 

Tl of 94 s [243]. However, the per£luorocarbon substances must ultimately be emul

sified in order to facilitate tissue absorption. Thus, other ~ork has been directed 
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towards optimizing the emulsions of perfiuorinated compounds. For example, the 

composition of PFOB emulsions was varied in order to maximize xenon concentra

tion, while minimizing the broad linewidth of the 129Xe signal normally observed in 

perfluorocarbon emulsions [245, 246]. By varying the concentration of the emulsify

ing agent (egg lechithin) in a 90% (weight/volume) PFOB emulsion, the exchange 

rate of xenon between the PFOB "droplets" and their surroundings could be altered. 

The lower the emulsifier concentration, the larger the droplet size, and the slower the 

exchange, yielding a narrower Xe/PFOB signal. With 0.85% emulsifier, the average 

PFOB droplet size was " roughly 2 I-lm, and gave a relatively narrow linewidth for 

the 129Xe/PFOB resonance (::;3 ppm). Lowering the emulsifier concentration further 

yielded larger PFOB droplet sizes and narrower lines, but made the emulsions more 

unstable. 

Instead of dissolving the polarized noble gas in a solution, it has also been sug

gested that injection could be used to deliver it in gaseous form. For example, it has 

been shown that liposomes can be stably prepared to contain polarized xenon gas 

[247]. Solutions of these xenon-filled liposomes can then be safely injected into living 

organisms (Fig. 8.11(d)). The observed 129Xe Tl of xenon gas in the liposomes once 

intravenously injected into a laboratory rat was as long as 54 s [247]. 

Finally, by flushing polarized helium gas through Hexabrix (Mallinckrodt), a vis

cous, commercially available radiographic contrast agent, polarized helium microbub

bles could be formed and stably suspended [248]. The 3He Tl was measured to be 
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at least 42 s in the microbubble suspension. While the sizes of the microbubbles 

were larger than what would be desired for clinical use (~32 /-Lm, with a standard 

deviation of about 10 /-Lm), this approach demonstrates the feasibility of utilizing 

the higher signal afforded by laser-polarized 3He as a magnetic resonance blood-flow 

tracer. In order for the helium injection approach to be clinically feasible, the average 

dimension of the microbubbles must be decreased toward the size of red blood cells 

to insure safe circulatory passage; therefore, future attempts will be directed towards 

decreasing the microbubble size and increasing their effective concentration, while 

retaining a suitably long 3He T1 . Data concerning some potential polarized noble gas 

carriers are summarized in Table 8.2. 

8.4.4 In Vivo Studies 

The feasibility of using injectable carriers of laser-polarized xenon to perform in 

vivo NMR and MRI was demonstrated in living laboratory rats [236]. In each ex

periment of this work, f'V 1 cc of a saturated polarized xenon solution was prepared 

according to the procedure described in Section 8.4.2. Male rats weighing 200-250 g 

were prepared and handled by Dr. K.M. Brennan (LBNL). The rats were anesthetized 

intramuscularly with ketamine/xylazine/acepromazine (30/3/0.6 mg/kg), with sup

plemental doses administered as needed. A venous catheter was placed either into 

a tail vein in the muscle of the rat 's thigh, depending on the desired location of the 

injection. The NMR signals were detected with a receiver/transmitter surface coil 
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Carrier Ostwald GasTf Gas Tl Chemical 

Solubilitya in Tissuea Shifta 

Saline 0.0945 [240J (27°C) 665 [225J 5 5 (blood) [225J ~192 ppm [225J 

DMSO ",0.66 [249J (25°C) 100'5 of seconds 245.8 ppm [250J 

Olive Oilb ~2.04 [240J (27°C) 198 ppm [66) 

Intralipid (20%) ",0.4 [225J 40 5 (9.4 T) [225], 16 5 (blood) [225J 194 ppm [225) 

495 (4.7 T) [243J 

Intralipid (30%) ~0.6 [251J 25 SC (2 T) [252J 194.5 ppm [251J 

Lyposyn II ~0.4 [251J 23 SC (2 T) [251J 194.5 ppm [251J 

Lecithinb 1.477 (37°C) [249J 200.6 ppm [66J 

PFOB ",1.2 [245J 97 5 (rat) [243J 106 ppm [245J 

PFOB (20%) ",0.22d 1105 [243J 34 5 / 67 5 (blood: ",110 ppm [243J 

RBC/PFOB) [243J 

PFOB (90%) ",0 .62d 111 ppm [245J 

Perfiuortributylamin 1.513 (20°C) [253J 

Fluosol (20%) ",0.3 13 5 (blood: RBC) [225J ",1l0 ppm [225) 

Oxyphenol (20%) 0.251 [253J 

Gas-filled 118s (1l4 5 45 5 (blood), ~0.5 ppm [247J 

Lyposomes in saline) [247J 54 5 (rat) [243) 

Hexabrix caHe e ~ 42 5 (for ~O ppm caRe) 

microbubbles) 3He) [248J 

Table 8.2: Summary of properties of potential noble gas carriers. 

aFor 129Xe, unless otherwise stated. 

bListed for comparison. 

CLower value than that determined for Intralipid (20%) may indicate a field-dependent 

relaxation rate. 

dEstimated from the xenon solubility in pure PFOB and the volume/volume ratio of 

the mixture. 

e About 20% of the injected volume was polarized helium gas in the form of microbub

bles. 
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(diameter: 3.5 cm) . 

In one experiment, a saturated polarized xenon/Intralipid (20%) solution was 

injected intravenously into a rat's tail vein (Fig. 8.12). The surface coil was used to 

monitor 129Xe NMR signals from the rat's liver region, permitting the wash-in/wash

out dynamics of the xenon in this region to be observed, as shown in inset of Fig. 8.12. 

Spectra were obtained every second with rf pulses of tipping angle ~ 20°. Following 

injection, it was anticipated that the Intralipid would accumulate in the liver; it is 

likely that the initial rise in signal reflects this accumulation, while the subsequent 

decay is due to wash-out, relaxation, and magnetization loss from the rf observation 

pulses. The chemical shift of the 129Xe NMR signal shown in main portion of Fig. 

8.12 (at ",190 ppm downfield from a rv5 atm 129Xe gas signal) is consistent with xenon 

residing predominantly in the Intralipid solution. 

In a second experiment, 129Xe MR images were obtained following intramuscular 

injection of a saturated polarized xenon/saline solution into the upper hind leg of 

a laboratory rat. Figure 8.13 shows six of a series of series of 10 near-axial, cross

sectional images taken at intervals of 6-7 s. The 129Xe images were taken with the 

FLASH pulse sequence [210], with pulse tipping angle ~ 5°. Despite the relatively low 

resolution of these preliminary images, the position of the rat's femur can be observed, 

corresponding to the signal void near the center of the image. The signal remained 

strong enough to be seen through the final acquisition, 70 s into the experiment. The 

signal decay was mostly due to the rf observation pulses, with only small contributions 

J 



8.4. INJECTION DELIVERY OF LASER-POLARIZED GASES 229 

>-+-' 

en 
c 
Q) 
+-' c 

125 150 175 

1.2 

1 • 
0.8 • • 0.6 • • 0.4 •• •• 
0.2 • 

0 •• • 

• • •• ........ 
•• . .... 

• • ••• -0.2 L.---'-_-'-...... ~--'-_ ............ '_ ... --'-~. 
o 5 10 15 20 25 30 35 40 

Time (8) 

200 225 250 275 

(ppm) 

Figure 8.12: In vivo 129Xe NMR spectrum obtained by summing the 7th through 12th 
acquisitions following the intravenous injection of a laser-polarized xenon/Intralipid 
solution [236]. The signals were detected with a surface coil placed over the rat's 
liver region. The chemical shift rv 190 ppm downfield of a rv5 atm reference signal is 
consistent with xenon in the Intralipid. The time dependence of the integrated 129Xe 
NMR signal is shown in the inset. 
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from relaxation and xenon wash-out. 

More recently, Intralipid (30%) solutions have been used to deliver polarized xenon 

to the vasculature of rats, permitting 129Xe MR images to be obtained with signif

icantly improved resolution [251, 252J. Two such magnetic resonance angiograms 

(MRAs) taken following separate injections into the tail vein of a laboratory rat are 

shown in Figs. 8.14(a-b). An MRA taken from the rat's pelvic region is shown in 

Fig. 8.14(a), depicting the region's vasculature in some detail (specifically, the right 

common iliac vein and the inferior vena cava can be clearly seen in the brighter por

tions of the image, and the middle caudal vein is also shown. Readers can find a 

detailed description of the anatomical features of laboratory rats in Ref. [254]). Fig. 

8.14(b) was taken from the rat's abdominal region, and both left and right com

mon iliac veins can be seen as they join to form the inferior vena cava. The local 

blood flow rate was also quantitatively measured in different veins, giving results that 

agreed well with previous measurements-once the artificial increase caused by the 

injection was considered. Using polarized xenon injection permitted high-contrast 

images and measurements to be obtained without background signal, obviating the 

need for background suppression techniques. A relatively large amount of the po

larized xenon/Intralipid solution was injected in order to perform these studies (5-6 

ml in ",10 s delivered to rats weighing "'400-500 g) . This amount corresponds to a 

higher value than what would be practical for future clinical applications in humans 

[252J. While this volume and injection rate was well-tolerated by the rats, higher 
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1 
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Figure 8.13: 129Xe MR images of a laser-polarized xenon/saline solution injected into 
the upper hind leg of a living rat [236] . Acquisitions began immediately following the 
injection at 1, 8, 15, 21, 27, and 45 s. Displayed image intensities were normalized to 
the second image. Images as shown were prepared by zero-filling in both dimensions 
(giving a 256 x 256 matrix), and 50 Hz Gaussian apodization along the frequency
encoding dimension. Images were acquired using the FLASH method [210]. The 
image resolution was approximately 1 mm x 5 mm, with a 10 mm slice depth. The 
signal void near the center of the image corresponds to the rat's femur. 
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injection rates led to reduced heart rates and subsequent death. However, by using 

carriers with higher xenon solubilities and improved xenon polarization, it should be 

possible to perform identical experiments with the same signal-to-noise while using 

much lower injected volumes. 

Finally, by suspending micro bubbles of laser-polarized 3He in an injectable solu

tion, it should be possible to exploit the advantages provided by 3He for use as an MRI 

tracer (e.g., brighter signal resulting from higher gyromagnetic ratio and greater ease 

in creating higher nuclear polarization). The promise of this technique was recently 

demonstrated by the injection of a polarized 3He/Hexabrix microbubble solution into 

the vasculature of rats [248]. As shown in Figs. 8.14(c-d), this approach permit

ted high-resolution images to be obtained following both intraarterial (Fig. 8.14(c)) 

and intravenous injection (Fig. 8.14(d)): in (c), the abdominal aorta, common iliac 

arteries, and external iliac arteries can be seen; in (d), the vena cava, common il

iac veins, and caudal veins are shown. Naturally, performing such tissue studies with 

laser-polarized helium would be extremely difficult using respiration delivery, because 

the solubility of helium in tissues is 10-100 times lower than that of xenon [59]. As 

was the case with the above in vivo Intralipid imaging experiments, an impracticably 

large volume ("-'7 ml) of the microbubble suspension was injected to obtain these 3He 

images. Again, however, increasing the effective helium concentration and polariza

tion should greatly reduce the injected volume necessary to obtain the same excellent 

signal-to-noise and resolution of the images in Fig. 8.14. 
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Figure 8.14: In vivo vascular images taken following injection of polarized noble gas 
carriers [252]. (a-b) Coronal projection 129Xe MR images taken following injection 
of a polarized xenon/lntralipid (30%) solution into a rat's tail vein. (a) 129Xe signal 
from the pelvic region (hypogastric and caudal veins, right common iliac vein, and 
inferior vena cava); (b) 129Xe signal from the abdominal region (right and left common 
iliac veins and inferior vena cava). Figures courtesy of Harald Moller and G. Allan 
Johnson. (c-d) Coronal projection 3He MR images taken following injection of a 
polarized helium microbubble/Hexabrix suspension performed intraarterially (c) and 
intravenously (d) [248]. (c) 3He signal from the abdominal region (abdominal aorta, 
common iliac arteries, and external iliac arteries); (d) 3He signal from the pelvic 
region (caudal veins, common iliac veins, and vena cava). Digital in-plane resolution 
for (c,d): 0.31 mm x 0.31 mm. Figures courtesy of Mark Chawla and G. Allan 
Johnson. 
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Chapter 9 

Low jZero-Field OPNMRjMRI 

9.1 Introduction 

Because the nuclear polarization of laser-polarized noble gases is endowed by the 

optical pumping process, and not the external magnetic field, high magnetic fields 

are not necessary to obtain strong NMR signals or bright magnetic resonance im

ages. Therefore, the non-equilibrium polarization of laser-polarized noble gases can 

be exploited to perform NMR and MRI experiments at low fields. This intriguing 

possibility of performing "MRI without the magnet", has attracted increasing interest 

for a variety of reasons, not the least of which is the fact that the savings obtained 

by not having to purchase and maintain an MRI magnet well outweighs the cost of 

the optical pumping equipment. 

This final chapter discusses some of the recent work demonstrating the potential 

I 
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of low Izera-field OPNMR/MRI to perform novel experiments of interest in materials 

science and biomedicine, with special attention given to the use of superconducting 

quantum interference devices as highly sensitive detectors of low-frequency magnetic 

resonance signals. 

9.2 Conventional Detection 

The potential of laser-polarized gases for performing low-field NMR/MRI was first 

demonstrated in studies investigating the field dependence of 129Xe relaxation in solid 

laser-polarized xenon [48J . 129Xe NMR spectra were obtained from samples of frozen 

laser-polarized xenon at fields as low as 50 G (0.005 T) at 4.2 K [48], a field roughly a 

thousand times weaker than what is typically used in conventional magnetic resonance 

experiments. Optically detected signals from laser-polarized xenon at low field within 

optical pumping cells were reported about a year later [255J. 

Low-field MRI was first reported when 1-D MR images were obtained from glass 

cells containing 0.2-2.5 atm of laser-polarized 3He gas at room temperature and only 

31 G [200J. As described in Chapter 7, the resolution of these images was sufficient 

to resolve edge enhancements caused by restricted diffusion of the helium diffusion at 

the sample boundaries. 

More recently, laser-polarized gases have been used to image the void spaces in 

human lungs at moderate field strengths, as shown in Fig. 9.1. In this work, large 

quantities (rv 1 L) of laser-polarized 3He gas were prepared via metastability exchange 
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Figure 9.1: MRI of human lungs at 0.1 T. Coronal (a), sagittal (b), and transverse 
(c) 3He MR images taken from human lungs following respiration of laser-polarized 
helium [256] . Figures courtesy of Genevieve Tastevin. 
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optical pumping. Following respiration of laser-polarized helium by a healthy human 

volunteer, 3He MR images were obtained from the patient's lungs in a field of only 0.1 

T [256]. While this field strength is an order of magnitude lower than those normally 

employed in conventional MRI (greatly improving upon the cost and ease of man

agement of the MRI apparatus), there are many potential advantages to performing 

such experiments at fields 2: 100 times weaker. Specifically, by eliminating the need 

for strong, enormous magnets to generate nuclear polarization, the cost, comfort, 

flexibility, safety, and portability of MRI could be greatly improved. 

A low-field MRI apparatus was recently built to obtain multi-dimensional high

resolution images of laser-polarized gases [257]. A collection of images obtained with 

this apparatus is shown in Fig. 9.2. Specifically, the images in this figure demon

strate an additional advantage of low-field MRI-. reduced magnetic susceptibility dis

tortions. Figure 9.2(a) shows a high-field (4.7 T) IH MR image from a water-filled 

W-shaped cell; Fig. 9.2(b) however, shows the detrimental effect of placing sealed 

tubes of paramagnetic substances nearby the cell during an otherwise-identical imag

ing experiment. Figure 9.2(c) shows a 3He image obtained at only 21 G by placing 

laser-polarized helium within a triangle-shaped cell. Finally, Fig. 9.2( d) shows the 

minimal effect of placing the paramagnetic sample tubes nearby when imaging polar

ized helium gas at such low fields. 
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Figure 9.2: Demonstration of low-field MRI of polarized gases with greatly reduced 
magnetic susceptibility distortions [257] . (a) Room-temperature high-field 1 H MR 
image from a water-filled W-shaped cell. (b) same as (a), but with the cell placed near 
paramagnetic materials. (c) low-field (21 G) 3He MR image from a triangular glass 
cell containing laser-polarized helium gas. (d) same as (c), but with the cell placed 
near the paramagnetic materials. Images were obtained with a standard gradient echo 
imaging sequence, and the signal was detected with a conventional Faraday induction 
coil. Figures courtesy of Glenn Wong and Ronald Walsworth. 
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9.3 SQUID Detection of Polarized Gases 

Conventional detection of nuclear magnetic resonance signals is performed by 

measuring the voltage induced in a coil by the change in magnetic flux caused by the 

precessing nuclear spins. For a given sample, the NMR signal detected is proportional 

to both the polarization and the frequency, i.e., to B5 (if the sample is thermally 

polarized) or w5. Thus, the sensitivity of conventional Faraday detectors is highly 

dependent upon the strength of the external magnetic field; a Faraday detector will 

be less sensitive when detecting the precession of nuclei in weaker magnetic fields. 

An alternative approach enabling one to obtain NMR signals at much lower fre

quencies (and thus much lower fields) employs a Super-conducting QUantum Interfer

ence Device (SQUID) detector (for a review of SQUID fundamentals and applications, 

the reader is directed to Ref. [258]). While conventional Faraday detectors measure 

the changes in the oscillating magnetic flux as a function of time (dip/dt), a SQUID 

measures the magnetic flux directly; independent of nuclear polarization, a SQUID's 

sensitivity does not (in principle) scale with frequency at low frequencies. Thus, 

SQUIDs may be advantageous for lower-frequency NMR and MRI experiments. Re

cent work is described below combining SQUID detection with optical pumping to 

further increase the sensitivity of NMR and MRI of laser-polarized xenon and helium 

at low magnetic fields. 



9.3. SQUID DETECTION OF POLARIZED GASES 240 

9.3.1 Low-Temperature Experiments 

A series of 129Xe NMR spectra are shown in Figs. 9.3(a,b) taken of frozen laser

polarized xenon at 4.2 K at incrementally lower external magnetic field strengths, 

permitting the field dependence of the 129Xe Tl to be studied in great detail [259]. 

As shown in Fig. 9.3(b), it was possible to obtain 129Xe NMR spectra with Larmor 

frequencies as low as rv200 Hz, corresponding to a field strength of only 0.19 G 

(Earth's field: rvO.6 G). 

Figure 9.4 shows a 2-D 129Xe MR image of laser-polarized xenon frozen within a 

Pyrex tube, taken at 4.2 K with an external field of 10 G (corresponding to a Larmor 

frequency of 11.8 kHz), and with an applied imaging gradient strength of 0.046 Tim 

[11]. Because the imaging gra.dient could be applied in only one direction (due only 

to technical limitations of the first-generation apparatus), the image in Fig. 9.4 was 

obtained by sequentially rotating the cylindrical sample tube along an axis perpendic

ular to the gradient field, making it possible to reconstruct the distribution of spin~ 

in the xy plane from the radial sampling and subsequent projection reconstruction. 

The raw 2-D image shown in Fig. 9.4(a) was obtained with 12 sample orientations, 

with 30 free induction decay points per orientation. A linear; four-point spline inter-. 

polation of these data was used to produce the image shown in Fig. 9.4(b). From 

the figure, it is obvious that xenon was frozen to one side of the sample tube. From 

the calibrated gradient strength and the known apparent linewidth of frozen xenon 

without the application of the gradient (520 Hz), the resolution was estimated to be 
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Figure 9.3: SQUID-detected 129Xe NMR spectra of frozen laser-polarized xenon at 4.2 
K obtained with external magnetic field strengths of (a) 0.41 mT, 1.8 mT, 4.78 mT, 
and 8.9 mT; (b) 0.019 mT and 0.044 mT [259]. Figure courtesy of Dinh TonThat . 
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rv 1 rnm x 1 rnm for the 2-D image. 

9.3.2 Room-Temperature Experiments 

The spectra and images shown in Figs. 9.3,9.4 were obtained with low-Tc SQUID 

detectors (meaning that the SQUID's threshold for superconduction was only several 

Kelvin), requiring the sample to be at liquid helium temperatures (4.2 K) in order for 

the SQUID to remain superconducting. Naturally, this temperature regime prohibits 

many of the types of experiments that could be performed, particularly ones involving 

living organisms. However, A high-Tc SQUID dewared to permit room-temperature 

experiments has recently been developed [261]. The high-Tc SQUID apparatus is 

shown schematically in Fig. 9.5. 

Four recent preliminary results obtained with the high-Tc SQUID apparatus are 

shown in Fig. 9.6. In order to test the sensitivity of the SQUID detector, samples con

taining high concentrations of thermally-polarized protons were used (Fig. 9.6(a,b)) . 

The quality of results obtained in these experiments proved to be highly SQUID

dependent, with the signal-to-noise varying over a factor of twenty when different 

SQUIDs were used in the apparatus. In addition to these experiments, it was impres

sively demonstrated that one SQUID detector was even sensitive enough to observe 

an extremely weak thermal proton signal (signal-to-noise: rv2:1) from a proton-rich 

mineral oil sample at 20 G in a single scan [261]' and could obtain similar signals in 

thousands of scans at Earth's field. 
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Figure 9.4: 129Xe MR images taken of laser-polarized xenon frozen to the side of a 
glass tube immersed in liquid helium (4.2 K) at 10 G (0.001 T) [260]. The 129Xe signal 
was detected with a low-T c SQUID (color scheme: highest signal-dark red; lowest 
signal- dark blue). (a) raw data. (b) Processed image obtained following zero-filling 
and the application of cubic spline routines. Figures courtesy of Annjoe Wong-Foy. 
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Figure 9.5: Picture and diagram depicting the High-Tc SQUID detector apparatus 
used for low-field room-temperature NMR/MRI experiments [261] . Note that the 
gradient coils are arranged parallel to static field coils, which in turn are arranged 
perpendicular to the audio-frequency (af) coils used to pulse on the nuclear spins. 
Figures courtesy of Annjoe Wong-Foy. 
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This apparatus has recently been used to obtain spectra from laser-polarized 

xenon gas at room temperature (Fig. 9.6(c)). Finally, a continuously recirculating

flow/optical pumping apparatus [54, 43, 44] was recently integrated with the high-Tc 

SQUID apparatus, permitting the 1-D 129Xe projection image shown in the Fig. 

9.6(d) to be obtained (PXe rv 0.1 - 1%). By providing the SQUID detector with a 

constant source of polarization, it should be possible to further optimize the SQUID 

apparatus to increase its signal-to-noise characteristics. Although this first image re

quired 40,000 scans to obtain, recent improvements in the SQUID magnetometer has 

permitted improved images to be obtained in less than 15,000 scans. Relatively low 

xenon polarization and the use of naturally-abundant 129Xe contributed to the rela

tively low signal-to-noise ratio of these experiments (compared to the thermal proton 

experiments). Even so, future improvements of the SQUID sensitivity of a factor of 10 

or more are immediately anticipated, and the addition of multi-dimensional imaging 

capabilities (i.e., the addition of a complete x, y, z gradient set) is underway. 

In the future, the combination of laser-polarized xenon delivery with polarization 

transfer to other nuclei in solution [89, 103, 110, 47] and on surfaces [171, 43J may 

be useful for enhancing their NMR signals at low fields, thereby permitting novel 

magnetic resonance experiments with a variety of potential biomedical and materials 

science applications. 
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Figure 9.6: Preliminary results of room-temperature NMR/MRI experiments using a 
high-Tc SQUID detector [261]. (a) IH NMR signal obtained from 10,000 scans of a 
scientist's (thermally polarized) finger placed directly over the SQUID detector at 20 
G. (b) 1 H MRI of thermally polarized mineral oil sample at 20 G; image was obtained 
via radial acquisition/ projection reconstruction following rv12 hr signal acquisition 
(recycle delay: rv30 IDS). (c) 129Xe OPNMR from a single scan from laser-polarized 
xenon gas at 12.6 G. S:N rv 100:1. (d) 1-D projection 129Xe image of continuously 
recirculating laser-polarized xenon gas obtained with 40,000 acquisitions, with applied 
gradient of 0.1 G/cm [262]. 
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