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Abstract 

Applications of Highly Spin-Polarized Xenon in NMR 

by 

Henry W. Long 

Doctor of Philosophy in Chemistry 
University of California at Berkeley 

Professor Alexander Pines, Chair 

For the past ten years xenon NMR has increased steadily in importance as a 

spectroscopically sensitive probe of a wide variety of materials and their surfaces. Most 

samples studied to date have relatively high surface area where enough xenon can be 

loaded so as to generate sufficient signal-to-noise ratios for the studies to be undertaken. 

The success of xenon NMR in the study of these systems adds impetus to allow 

information to be obtained from ~ore materials. The main goal of the work presented in 

this thesis is produce highly spin-polarized xenon to create much greater signal intensities 

(up to 54,000 times greater) so as to allow studies to be made on systems with low 

surface area and long spin-lattice relaxation times. The spin..:exchange optical pumping 

technique used to create high nuclear spin polarization is described in detail in chapter 

two. This technique is initially applied to some multiple-pulse optically detected NMR 

experiments in low magnetic field (500) that allow the study of quadrupolar interactions 

with a surface of only a few square centimeters. In chapter three the apparatus used to 

allow high field 129Xe NMR studies to be performed with extremely high sensitivity is 

described and applied to experiments on diamagnetic susceptibility effects in thin (=2000 

layers) films of frozen xenon. Preliminary surface investigations of laser polarized 129Xe 

adsorbed an a variety of materials (salts, molecular crystals, amorphous carbon, graphite) 

are then discussed. A full detailed study of the surface of a particular polymer, 

poly( acrylic acid), is presented in chapter four which shows the kind of detailed 

information that can be obtained from this technique. Along with preliminary results for 



several similar polymers, a summary is given of xenon studies of a novel ultra-high 

surface area polymer, poly(triarylcarbinol). Finally in chapter five the exciting possibility 

of transferring the high spin order of the laser polarized xenon to other nuclei is discussed 

and several schemes are proposed. Highly spin-polarized xenon has been used to transfer 

nuclear spin order to 13CQ2 in a xenon matrix and to protons on poly(triarylcarbinol). 
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CHAPTER 1 Introduction 

Nuclear magnetic resonance (NMR) has been a technique of enormous utility in 

science, technology and medicine. It is a non-invasive, local probe of chemical 

environments that has reached a high degree of sophistication in the forty years since its 

discovery. Two general issues facing all spectroscopic techniques are resolution and 

sensitivity. High resolution has long been achieved in NMR simply due to the presence of 

rapid thermal motion such as is present in liquids [1]. In solids the appropriate mechanical 

reorientation of the sample (sometimes with multiple rf pulses) achieves in some cases the 

same line narrowing effect as in liquids [2, 3]. Low sensitivity, however, is inherent with 

NMR due to the low transition frequencies involved (tens to hundreds of megahertz or 

===10-6 eV). The nuclear polarization (the relative population excess of spins pointing along 

the field over those pointing against the field) is only a few parts per million even in the 

highest magnetic fields available. Sensitivity limitations can impair or render impossible the 

study of certain physical systems such as surfaces. A recently developed technique in 

atomic physics, spin-exchange optical pumping [4], offers to increase the nuclear 

polarization of noble gas atoms by several orders of magnitude. The main topic of this 

thesis is the application of highly spin polarized xenon to the study of surfaces either 

indirectly, through the xenon NMR parameters (chapters 3,4), or directly, through 

polarization transfer to the surface itself (chapter 5). 
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This introductory chapter discusses several sensitivity enhancement techniques that 

have been used in NMR and outlines the theory of the chemical shift interaction by which 

information about a nuclei's environment is detected. The success of xenon NMR in 

studying a wide variety of materials is reviewed in a general fashion followed by a 

summary of two specific systems studied with conventional xenon NMR. 

1.1 Sensitivity Considerations in NMR 

A population difference is required for the net absorption or emission of energy and 

the relative populations of adjacent energy levels in thermal equilibrium are given by the 

Boltzmann distribution 

N"' -{36£ - "-'1lH/kT --=e =e' . 
Nm+l 

(1.1) 

This is more conveniently discussed by introducing the fractional polarization of a two level 

system: 

(1.2) 

This can be expressed using ( 1.1) as 

p = tanh(,BM') = !.BM. (1.3) 

The magnetization of a sample is obtained by multiplying the polarization by the magnetic 

moment and number density of the nuclei. Typical parameters for 129Xe NMR are a 

magnetic field of 4.3 Tesla, T=300K, giving M'lh =50 MHz, kT=0.026 eV. These 

parameters lead to a polarization of p = 4.0 parts per million (ppm). In contrast, for optical 

spectroscopy typical energy differences are on the order of 1 e V and the polarization of the 

electronic energy levels is of order unity. While a more complete analysis of the signal-to­

noise ratio of an NMR experiment [ 5] shows that it scales as the frequency to the 3/2 power 
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(for ·a solenoid coil), the signal is directly proportional to the polarization. This sets a rough 

limit of approximately 1QI8 nuclei that can be detected in one scan (cf. figure 3.4). 

Naturally many methods have been invented to increase the sensitivity. The most 

straightforward is simply to signal average. The signal adds in linearly with the number of 

scans N while the random noise increases only as the square root, ..JN, thus the signal to 

noise increases as Nt.JN = .JN. However, one can only acquire scans as rapidly as the 

magnetization of the spin system is replenished by the lattice (i.e. T J), and, when the 

relaxation time is long, this can be a severe limitation. Examining equation 1.1 shows one 

obvious approach to increasing the magnetization acquired in a single scan is to lower the 

temperature. In practice for significant (>10) enhancement this requires a temperature 

below 1K and the spin-lanice relaxation times in insulating solids typically becomes so long 

(months to years [ 6, 7]) at these temperatures that high nuclear spin polarization is not 

simply obtained by this method. The only practical method of exploiting this approach has 

been developed by Waugh and co-workers [7, 8, 9] who have immersed samples in liquid 

3He to provide a relaxation mechanism for nuclei at millikelvin temperatures. 

One of the most widely used sensitivity enhancement techniques in NMR is cross 

polarization ( CP) [ 10, 11]. Equation 1.1 shows that when all nuclei are at thermodynamic 

equilibrium (i.e. they have the same spin temperature equal to the lattice temperature), 

nu.clei with larger gyromagnetic ratios, y, will have a larger polarization due to their larger 

energy level splinings (higher NMR frequency). Protons, which have the largest y, are 

more sensitively observed than any other nucleus. Techniques to exploit this have become 

very widely used since the pioneering work of Hartmann and Hahn [10] and Pines, Gibby. 

Waugh [11]. Cross polarization is an extremely valuable technique as it allows an increase 

in single shot magnetization as well as a faster signal averaging at the T 1 of the abundant 

species. Cross polarization will be discussed in more detail in chapter 5. 

Electrons have magnetic moments about 2000 times larger than nuclear moments 

and correspondingly larger polarization. Several schemes have exploited electron-nuclear 
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couplings to use this higher polarization either directly or indirectly. Examples are ENDOR 

(electron nuclear double resonance) [12], DNP (dynamic nuclear polarization) and the solid 

effect [ 13]. Reaction dynamics involving radical recombination have been observed to lead 

to enhanced nuclear polarization in an effect known as CIDNP (chemically induced 

dynamic nuclear polarization) [14, 15]. Reactions that exploit the polarization of rotational 

states in parahydrogen also lead to similar effects known as PASADENA (parahydrogen 

and synthesis allow dramatically enhanced nuclear alignment) [ 16, 17]. Here the 

magnetization is not directly created as a population difference but from a more subtle form 

of spin order. 

A different means of achieving higher sensitivity is to employ an alternative 

detection method. In luminescent solids NMR transitions may affect the polarization or 

intensity of the emitted light [ 18]. In the gas phase certain atoms can be very sensitively 

detected by optical characteristics that depend upon the ground state sublevel distribution. A 

technique of this nature (paramagnetic Faraday rotation} will be used in chapter 2 to 

indirectly detect xenon in the gas phase. It is of some interest to note that there is at least 

one method of detection where polarization is not needed. In the molecular beam resonance 

method of Rabi. [ 19], a particle is detected by a change in flux at the detector irrespective of 

whether it has gained or lost energy as both cause a deflection of the beam. The detection 

sensitivity of this technique is extremely high. 

1.2 Chemical Shift Interaction 

The most important observable (spin interaction) in using 129Xe as a probe of its 

environment is the chemical shift. (The quadrupole interaction is dominant for 131Xe and 

will be discussed briefly in section 2.2.) This interaction is responsible for small frequency 

shifts that are characteristic of perturbations of the immediate electronic environment. The 

origin of the chemical shift is the magnetic coupling of the orbital angular momentum of the 

electrons with the nuclear spin angular momentum. (The electron spin angular momentum 
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coupling with the nucleus gives rise to the Knight shift, that is important when there are 

unpaired electron spins.) The orbital angular momentum of a charged particle (the electron) 

gives rise to a magnetic tield that changes the local magnetic field at the nucleus. The 

interaction is zero when there is no applied magnetic field since the angular momentum is 

quenched by the crystalline electric fields. In the presence of an external magnetic field, the. 

electronic Zeeman interaction slightly polarizes the electron system, "unquenching" the 

orbital angular momentum which leads to an non zero coupling [20]. 

The most general interaction between two vectors (in this case the nuclear magnetic 

- -moment, y1il , and the magnetic field, B) is by contraction with a second rank tensor 

(typically denoted (j for the chemical shift) 

(1.4) 

This interaction can be decomposed into two parts that will be discussed separately. 

1.2.1 Isotropic Shifts of Xenon 

In the presence of rapid motion only the invariant (isotropic) part of the tensor 

remains, t Tr( (j) = Giso, and the net effect is a small change in the magnetic field strength 

seen by the nucleus that can be wrinen as a change in the resonance frequency 

w = yBror = yB, (1- Giso ). (1.5) 

For closed shell atomic systems, such as xenon, a derivation of the shielding in the absence 

of additional external perturbations is straightforward and has been given by Lamb [21]. 

The general Hamiltonian in the presence of a vector potential, A, is 

A 1 ( e )
2 

H=- p+-A +V 
2m c (1.6) 

where a definite gauge (Coulomb) has been assumed chosen for the vector potential [22]. 

There are two contributions that can have equal magnitude to the chemical shift from 



pertUrbation: theory, a first order cross term in AelecAnuc. and a second order contribution 

from the term linear in Aetec· The first order term is dominant for isolated atoms and gives 

rise to the diamagnetic shielding, 

(1.7) 

Some conclusions can be read directly from this formula. First. the 1/r expectation value 

implies that only local perturbations in the (ground state) electronic environment are 

important in determining the chemical shift (as opposed to susceptibility, which has an r2 

dependence on the electronic wavefunction and will be discussed in chapter 3). Second, 

since it involves a sum over the electrons, i, and the atomic number (Z) of xenon is 54, it 
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can be expected to rather large. In fact it has been estimated by Hartree-Fock calculations to 

be 5744 ppm [23] (cf. Xe54+ in figure 1.1). Thus, in the absence of other perturbations, in 

an applied field of 10,000 G the xenon nucleus sees an effective field that is 57.4 G 

smaller. 

Paramagnetic contributions to the chemical shift are important in the few xenon 

compounds that have been studied [24], although in a molecular system there is no unique 

origin and thus the division into diamagnetic and paramagnetic contributions depends on 

the choice of gauge [22]. The paramagnetic contribution has been derived by Ramsey [25], 

and may be written as 

2 2 (OII ~ ln)(niLLzkiO) 
e h ~ i ri k 

G P = -2-m....,2'"""c-=-2 ~ E - E 
n n 0 

( 1.8) 

This equation involves a sum over all of the energy levels of the system which accounts for 

the difficulty in ab initio calculations of chemical shielding. 

During a collision, when the xenon can be considered part of a molecular complex, 

the "deformation of the electron cloud" (i.e. excitation of the xenon into a superposition of 

excited electronic states of the unperturbed system) can lead to isotropic paramagnetic 
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shifts, (deshielding), when averaged over many collisions [26, 2i]. These shifts are 

virtually impossible to interpret on the fundamental level of equations 1.7 and 1.8, however 

they can still lead to extremely useful information about chemical systems when studied 

systematically as a function of some appropriate external parameter such as pressure, 

temperature or a structural property of a material. Isotropic shifts of xenon in a wide variety 

of environments are shown in figure 1.1 and are discussed more fully at the beginning of 

section 1.3. 

1.2.1 Anisotropic Shifts of Xenon 

In an anisotropic environment, such as a solid or liquid crystal, in addition to the 

isotropic part the chemical shift has an orientation dependent component [2]. It is described 

by the symmetric traceless part of a- that can be written as 

(1.9) 

where (8,q>) are the polar angles of the direction of the principal axis of the tensor with 

respect to the external magnetic field, B [2]. Only cases where the asymmetry parameter 1J 

is zero will be considered. In this case the frequency of the NMR transition can be written 

(in ppm) as 

For a random distribution of environments (such as crystallites in a powder), if the 

distributions of axis systems is plotted on a sphere then it will be constant. Thus the 

integrated intensity of the line I(ro) will be proportional to an integral over a sphere: 

J l(m)dm = Jf sin 8d8dcp. 

(1.1 0) 

(1.11) 

On the right hand side of equation 1.11 one integrates over <P and changes variables from 8 

to an integral over ro by inverting equation 1.10 

8 = arccos~(;>cr + t). (1.12) 
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Substituting this into ( 1.11) leads to two integrals that are equal (for the same limits). 

Therefore their integrands can be equated yielding the fmal answer: 

l(m) = .J3 1 
2Llcr ~~+(3m I Llcr) 

(1.13) 

In this equation the frequency varies from -Llcr/3 sws 2Llcr/3 (according to equation 1.10) 

and the intensity has a characteristic singularity at -Llcr/3. This is the line shape for an 

axially symmetric shielding tensor; examples are the 129Xe spectra of XeF2 (a linear 

molecule) in the solid state, figure 1.3, and the 129Xe spectra of xenon/~-quinol clathrate 

compound, figure 5.1. 

In this derivation it was assumed that the principal axis system is isotropically 

distributed in three dimensional space, however, there are physical·situations where this is 

not true [28, 29]. One such system was studied by Opella and Waugh [30] where an 

extruded polymer film (polyethylene) had been partially oriented and there was disorder in 

only two dimensions. The line shape for this situation is derived by integrating equation 

1.11 over a cylinder (i.e. the integrand is just d8). The result is 

/(m) = Llcr ~ , , 
1-(~~t 

1 
(1.14) 

which is readily identified as it has two singularities at ±!::..cr/2. Simulations appear in figure 

1.2 of the chemical shift anisotropy line shape for both situations. 

1.3 Examples of Xenon as a Probe 

The use of atomic xenon as a probe or spy of different chemical environments has 

increased dramatically in the past ten years since the pioneering studies of xenon in 

solutions [31], zeolites [32], and clathrates [33, 34]. There have been many subsequent 

applications to a wide variety of materials and a few characteristic xenon isotropic chemical 

shifts are indicated on the bottom half of figure 1.1. The chemical shift of xenon in NaY 
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Figure 1.1 Isotropic chemical shift range of xenon with several examples. See the 

beginning of section 1.3 for comments on the various points. 
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Frequency 

Figure 1.2 Line shape simulations of a) 3D and b) 2D chemical shift anisotropies with zero 

asymmetry parameter. 
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zeolite is 58 ppm in the limit of zero xenon loading showing the interaction with the catalyst 

framework. Xenon adsorbed in NaY with small platinum particles in the pores shows a 

much larger interaction [35] due to the Knight shift on the metal surface in agreement with 

the large shifts of small molecules on metal surfaces studied by Stichter and co-workers 

[36]. The only other zeolite point in figure 1.1 is the anomalous silver-Y zeolite system 

(AgY) that is the only system showing magnetic shielding greater than the pure gas [37]. 

Clearly this must be extra diamagnetic shielding and it has been ascribed to d-7t back 

bonding from silver ions in the pore framework to the xenon. A simple clathrate is 

represented on the tigure by the Xe/~-quinol system that is marked at the isotropic shift 

(222 ppm) of the broad ( 160 ppm) chemical shift anisotropy characteristic of the size and 

symmetry of the cage xenon is trapped in [33, 38] (see figure 5.1). The polyethylene point 

is the shift for xenon dissolved into the amorphous region of this polymer [39], while the 

polyacrylic and polyacrylonitrile points are the shifts for xenon adsorbed onto the surface 

of these polymers in the limit of zero coverage [ 40]. This type of surface chemical shift 

measurement will be discussed in detail in chapter 4. 

Many review articles have been written on the use of xenon as a probe. Ito and 

Fraissard [41] have reviewed their pioneering work on zeolites. Barrie and Klinowski have 

written a more recent and candid article'·'on xenon studies of zeolites and their potential [42]. 

Dybowski and Duncan [ 43] have reviewed the slightly wider area of xenon in confmed 

environments. Raftery and Chmelka [ 44] have written a very broad overview of materials 

studies employing xenon and include a section on optical pumped xenon studies. 

In the next sections two conventional xenon NMR studies are discussed. While 

they are not completely representative of the literature, they do give the flavor of xenon 

applications to materials investigations and illustrate the use of both xenon isotopes. 
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Figure 1.3 129Xe spectrum of polycrystalline XeF2 with 19f decoupling. NA=656, 

PD=60 sec., LB = 200Hz. The chemical shift parameters are ~a=771 ppm, aiso =3751 . 

ppm from low pressure gas ( aiso =3630 ppm for XeF2 in solution with S02ClF [24 ]). The 

spectrum appears ragged due to the large average crystallite size. 



13 

1.3.1 Xenon in Confined Liquid Crystals 

Liquid crystals have great technological importance due to the widespread use of 

liquid crystal displays (LCD's) [45, 46]. They are a phase of matter in which there is long 

range orientational order but no positional o~der. Since NMR parameters are very sensitive 

to orientation (such as chemical shift, equation 1.1 0), it is a particularly useful tool for 

studying liquid crystals [47]. A molecule dissolved in a liquid crystal is oriented on average 

along the director that acts as a local principal axis system. It was tirst observed in 1978 

that 131Xe showed isotropic quadrupolar splinings in a liquid crystal [48]. The spectrum 

showed a sharp triplet indicative of a well defmed average electric field gradient at the 

nucleus that was homogeneous throughout the sample. Diehl and co-workers have used 

several noble gases [49, 50] with quadrupolar nuclei to perform·a systematic study of 

several nematics and have attempted to explain the observed electric field gradients in the 

bulk liquid crystal [50]. 

Surfaces have interesting effects on liquid crystals. A grooved surface can strongly 

anchor the molecules parallel to the surface and various surfactants can also exert effects on 

the director field of the liquid crystal [51]. Experiments using optical techniques, such as 

surface ellipsometry, have long been able to investigate these effects [52], but NMR, 

lacking sufficient sensitivity to probe a surface of just a few square centimeters, had been 

capable only of bulk studies. Recently several high surface area systems have been 

investigated; sufficient liquid crystal material can be loaded in these systems to allow 

studies of selectively deuterated compounds, and surface effects were observed with NMR 

[53]. These systems are typically submicron sized cavities in which the liquid crystal 

behaves quite differently than the bulk. Usually, liquid crystals orient themselves along the 

direction of an applied magnetic field due to anisotropic diamagnetic susceptibility. When 

there are competing effects between a wall and a magnetic field, the effects of the wall 

decrease exponentially over a characteristic distance. This magnetic coherence length, ;m 
[54], is determined by the magnetic field strength B, the susceptibility anisotropy ~X, and 



the-elastic constant of the medium K through ;m = ( K/ 11X (" I B. For the systems 

considered here this distance is on the order of 1 micron and thus the orientation of the 

director tield is determined completely by the surface in these confmed geometries. 
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Xenon NMR can provide valuable information about nuclear shielding and electric 

field gradients in liquid crystals that should be extended to these confined geometries. 

Xenon studies have the advantage that no special synthesis is required for the liquid crystal 

and different tirnescales are probed than in deuterium studies. 

The high surface area liquid crystal system studied is an anoporeTM membrane 

shown schematically in figure 1.4. These membranes are each about 601J. thick and may be 

cut into square sheets. They have an average pore diameter of 0.2J.!. and extremely high 

pore density- up to 109 pores/cm2 giving BET surface areas (see chapter 4) of 10 m2fg 

[55]. The membranes were treated with lecithin, which orients the liquid crystal director 

perpendicular at the surface of the pore, although there is a preferred direction at the center 

of the pore; this is known as the planar-polar structure (shown above the membrane in 

figure 1.4). 

The anopores were then loaded with ZLI1132 (Merck, a mixture of several 

compounds) which has been well characterized in the bulk by xenon NMR. Several cells 

were constructed from square tubing to accommodate the membranes tightly and allow 

orientational studies to be performed easily. The anopores (==100) were stacked into cells 

and one cell was loaded with 2 atm enriched 129Xe, and another with 5 atrn enriched 

131Xe. They were both briefly heated to above 100°C to let the xenon dissolve rapidly into 

the isotropic phase of the liquid crystal before starting the experiments. 

In a bulk sample of ZLI1132 at 2TC the isotropic chemical shift of 129Xe was 

measured to be 222 ppm with a line width of 1.5 ppm (equal to the magnetic field 

inhomogeneity). Figure 1.5 shows the spectrum of 129Xe in the anopore sample with 
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Figure 1.4 Schematic picture of an anopore membrane whose unit normal is denoted fi . 

The lecithin induced "planar polar" director field within the pores is sketched above. 

various orientations of fi (the normal to the membrane surface, which is itself 
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perpendicular to all of the directors). There is a strong orientation dependence to the line 

shape. With ii..LB an anisotropy of 12 ppm is observed; the line shape is in fact just the two 

dimensional "powder pattern" discussed in section 1.2. 

The chemical shift anisotropy has been measured in several liquid crystals by 

observing the change in chemical shift at the nematic-isotropic transition [56]. This is 

subject to several experimental uncertainties due to the temperature and phase (mostly 

density) dependence of Oiso• but from the data of Jokkisari and Diehl [57] the anisotropy 

appears to be 11 ppm for bulk ZLI1132. It should be noted that these researchers have 

reported the nematic-isotropic transition temperature to be 62"C in this liquid crystal, but it 

was measured to be 74"C in our (bulk) sample. 
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Figure 1.5 129)(e spectra in ZLI1132 confined within anopore membranes (T= 19°C) at 

various orientations with respect to the magnetic field. Ca) nl.B Cb) 45° (c) nil B. 
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Figure 1.6 shows the spectrum of 131Xe in a bulk sample-of ZLI1132 and in the 

anopore sample with nil B. The quadrupolar splitting (defmed as the distance between 

satellites) in the bulk at 29·c is 207kHz in agreement with previous work [58] (the satellite 

appears antiphase due to large phase distortion in the FID). The quadrupolar splitting has 

been measured as 230kHz at 49·c in the bulk [58], but in the anopore membrane at 49T 

the quadrupolar splitting is just 140kHz. A scaling of 112 is anticipated if the liquid crystal 

is oriented perpendicular to the surface because, with this macroscopic orientation of the 

membranes, all of the directors are perpendicular to the field (cf. figure 1.4). The 

quadrupolar splitting is known to scale as P2(cos8), where 8 is the angle between the 

director and the magnetic field. Since the splitting is significantly more than one half of the 

bulk value it appears that the electric field gradient experienced by the xenon is larger in the 

confmed liquid crystal than in the bulk. The satellite transitions are difficult to observe in 

the 131Xe spectrum since they are broadened by temperature gradients over the sample and 

fluctuations over the acquisition time. Also, the anopores are not uniformly oriented, and a 

small distribution of orientations also broadens the transitions. The central transition is 1.2 

kHz broad and the satellites are about 4.5 kHz in width. These broaden out rapidly upon 

rotating the sample and are unobservable at more than a few degrees. 

There is .clearly a distribution of directors within the pores as well as a distribution 

of polar directions amongst the pores. Either of these two distributions could explain the 

anisotropic line shape observed for 129Xe. Thus to interpret the xenon NMR parameters 

that have been measured in this system the regions that the xenon is averaging over must be 

determined and the motion of the xenon quantified. The xenon dynamics were studied by 

two dimensional exchange spectroscopy [59, 60] which allows the xenon to be observed 

directly on timescales longer than the free induction decay. In this technique the resonance 

frequency of xenon at one point in time is correlated with its resonance frequency at fixed 

time later (tmix), thus motion between distinct sites can be studied at times up to the spin­

lattice relaxation time (which is about 20-30 seconds in this sample). 
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Figure 1.6 (a) 131Xe spectra in bulk ZLI1132 showing the central transition and high 

frequency satellite, T=29·c, splitting= 207kHz. NA= 333,000. (b) 131Xe spectra in 

ZLI1132 within anopore membranes shows the entire triplet (and the gas phase peak which 

is inverted and truncated), T=48·c, splitting= 140kHz. NA= 206,450. 
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Figure 1. 7 shows the two dimensional exchange spectrum obtained with a mixing time of 

200 msec. There are off diagonal peaks connecting the gas and liquid crystal resonances 

indicating exchange is occurring between these two regions within 200 msec. The 

expansion above the spectrum shows the detail of the liquid crystal region and clearly 

displays exchange among the different regions making up the liquid crystalline. This could 

be due to intrapore exchange or interpore diffusion via the gas (or a combination of both). 

Preliminary experiments at different mixing times indicate that exchange within the liquid 

crystal is faster than gas to liquid crystal exchange and thus xenon must be exchanging 

between different environments within a single pore. There are two possible mechanisms 

for this. If the observed lD line shape (B.gure 1.5a) is representative of a single pore, then 

the xenon may remain bound near the liquid crystallanopore surface for times around 40 

msec and then rapidly diffuse through the pore until binding at the surface where there is a 

different director orientation. If the distribution comes from different pores, then the 

average environment experienced by the xenon within each pore must be varying on this 

timescale indicative of some reorientation of the planar polar director structure within the 

pore. 

It would be interesting to do a temperature study of both isotopes in these samples 

just above the nematic-isotropic transition. Here there is surface induced order in the 

isotropic phase which has been the subject of several detailed investigations [61]. In this 

system the two isotopes of xenon give two separate experimental observables of the 

ordering that would be interesting to compare to theoretical predictions. 

Further xenon studies in other confined systems would also be interesting. 

NucleoporeTM membranes have different surface properties from the anopores and thus 

different director field structures such as planar-bipolar and an escape-twisted [51]. These 

membranes are also av~able in a range of diameters allowing systems with different 

curvature to be investigated. Small spherical droplets of liquid crystal can be trapped within 

a polymer matrix and display a variety of surface effects [62]. 
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Figure 1. 7 2D exchange spectra of xenon in ZLI 1132 loaded into anopore membranes at 

T= 33·c with tmix=200 msec. The upper spectrum is an expansion of the liquid crjstal 

region (boxed). 
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1.3.2 Xenon Dynamics in NaA Zeolite 

Xenon has found widespread use as a probe of zeolites for the past ten years. 

Zeolites are extremely important as molecular sieves and industrial catalysts used in the 
. 

cracking of hydrocarbons. Xenon NMR has been shown to be useful in identifying cation 

sites, guest molecules, estimating cage size, measuring mobility's and diffusion 

coefficients. The field has been reviewed by several researchers [ 41, 42]. 

A particularly interesting example of xenon-zeolite studies is afforded by sodium-A 

zeolite. In this system the window diameter of the a-cages is approximately 4.2 A while 

the xenon is nominally 4.4 A in diameter. This considerably hinders the xenon adsorption 

although it is readily accomplished at elevated temperature and pressures. The 129Xe 

spectrum consists of a series of discrete peaks due to differing numbers of xenon occluded 

in the zeolite cages [63, 64]. Observation of changes in this distribution as a function of 

equilibration time show that the xenon can actually diffuse between cages. This slow 

process can be studied directly with two dimensional exchange NMR to quantify the xenon 

intercage exchange rates and barriers [65]. Figure 1.8 shows some typical two dimensional 

spectra taken at various temperatures and mixing times of xenon adsorbed in NaA zeolite at 

30 attn and 523 K. From a series of such spectra the motion of the xenon can been 

quantified in great detail. Taking into account all of the processes that can contribute to the 

off diagonal intensity, a fit to spectra at variable mix times and constant temperature 

determines the microscopic rate coefficient, kn. as a function of the xenon cage occupancy. 

kn varies from about 0.1 sec-1 for n=1 to 0.8 sec-1 for n=7. The rate expressions take an 

Arrhenius from which the sorption energy at each cage occupancy can be inferred. From 

variable temperature measurements the activation energy of transport has been estimated to 

be 60 kJ/mol. 
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Figure 1.8 20 exchange spectra of xenon in NaA zeolite. 
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CHAPTER 2 Low Field Experiments 

Optical pumping has had a long and illustrious history in atomic physics. first 

proposed by Alfred Kastler in 1949 [66], the basic idea of "optique pompage" is the 

transfer of angular momentum from polarized resonance light to an atomic system 

leading to nonthermal population distributions. Following the first successful 

observations of these ·population imbalances in the early fifties [67, 68], this technique 

has led to many imponant applications. These include precision measurements of atomic 

hyperfine structure [69], magnetic moments, atom-atom and atom-light interactions [70], 

as well as the construction of masers [71], magnetometers [72], and frequency standards 

[73]. One of the most imponant extensions of the original experiment was the discovery 

of spin-exchange. In a brilliant early experiment, Dehmelt optically pumped sodium 

atoms in the presence of free electrons that subsequently became polarized. This effect 

allowed him to make a high precision measurement of the anomalous g-factor of the 

electron [74]. Purcell and Field invoked spin-exchange to explain thermalization of 

interstellar hydrogen in order to quantify observations of the 21 em line (ground state 

hyperfine transition) in radio astronomy [75]. 

In the sixties there were several attempts to apply optical pumping techniques to 

problems of chemical interest, most notably by Bersohn and co-workers [76]. These 

experiments, however, were not very successful due to the very shon relaxation times 

induced by most buffer gases, especially those with permanent dipole moments [77]. A 



very good introduction to this work (and optical pumping in general) is the book by 

Bernheim [78] which contains a selection of reprints up to 1965. 
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In 1978 renewed interest arose in spin-exchange optical pumping due to the 

unexpected discovery of high xenon nuclear spin polarization in rubidium pumping cells 

being used as a magnetometer [79]. The initial work of the group at Litton Industries was 

followed up in great detail by the studies of Rapper and co-workers at Princeton [80, 81]. 

The first section of this chapter will briefly recount their work on spin-exchange optical 

pumping of noble gas atoms. Low field optically detected NMR of xenon will then be 

descri.bed l!mphasizing new multiple-pulse techniques ~hat may have applications to the 

many types of high resolution experiments involving these systems. 

2.1 Spin-Exchange Optical Pumping of Noble Gas Atoms 

A full quantum theory of optical pumping has been given by Barat and Cohen­

Tannoudji [82, 83], here only a very simple overview will be given. Full details regarding 

the theory and practice of optical pumping can be found in many excellent review 

articles. Early reviews include those by Kastler [84] and Carver [85] as well as Kastler's 

1966 Nobel Prize lecture [86]. An article with many useful experimental facts is [87]. 

Rapper's authoritative review [88] is a good reference on theoretical issues related to 

optical pumping and contains a complete listing of the literature up to 1972. Balling has 

written a very lucid review [89] that is particularly strong for its density matrix treatment 

of spin-exchange and discussion of many experimental details. A pedagogical treatment 

of the subject is given by Rapper in [90]. 

2.1.1 Basics 

The essential idea is presented most easily in terms of a hypothetical alkali atom 

without nuclear spin (and thus no hyperfine structure) that ha~ the energy level diagram 

shown in figure 2.1a. The ground state is denoted by the term symbol 2s112 and the first 
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Figure 2.1 (a) Simplified energy level diagram for an alkali metal atom in a magnetic· 

field. The states are labeled by the z-component of the total electronic angular momentum 

(Jz), and the transitions are labeled by their relative probabilities. 

(b) Optical pumping dynamics when there is complete excited state mixing. 
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excited state by 2pl/2 [91]. (The fine structure due to the spin-orbit coupling can be 

entirely neglected since it leads to a splitting of about 15nm for Rb and the 2p3/2 state is 

thus completely out of resonance.) These levels are connected by the Dt transition and 

split by the presence of a magnetic field. In an optical pumping experiment the atoms are 

illuminated by circularly polarized resonance light propagating along the magnetic field 

direction. The dark arrow in tigure 2.1 shows the electronic transition excited by this light 

that has the selection rule for L\rn=+ 1, since only atoms in the -1/2 magnetic substate can 

absorb the angular momentum. of the photon. The exact branching ratio for spontaneous 

emission can be calculated from the appropriate Clebsch-Gordan coefficients and the 

relative rates are indicated in the diagram next to the thin lines. If the atom returns to the 

m=-112 ground state then it can absorb another photon, however, if it returns to the + 112 

ground state it will remain there for the lifetime of that state (which can be many seconds 

for an S state). After several photons have been absorbed it is increasingly likely that the 

atom will be left in the + 112 state. Since the D1 transition is electric dipole allowed, it has 

a large absorption cross section, and the angular momentum transfer is extremely 

efficient. Thus an ensemble of such atoms will be left with level pop~lations far different 

from those of thermal equilibrium (Boltzmann statistics). 

Figure 2.1 b shows a more realistic situation for the xenon experiments in this 

thesis. Here there is rapid excited state mixing due to gas phase collisions with rubidium 

in the easily disoriented P state. The atom is equally likely to be in either excited state 

sublevel when it fluoresces (or is nonradiatively de-excited) back to the ground state. In 

this somewhat idealized picture it takes an average of only one photon to polarize an 

atom. 

The real energy level structure of rubidium is shown in figure 2.2b. This diagram 

shows the hyperfine structure of both 85Rb (I=5/2; natural abundance 72.2%) and 87Rb 

(I=3/2; natural abundance 27.8% ). This makes the spectrum (figure 2.2a) more complex 

but, with > 100 torr of xenon in the pumping cell, pressure broadening leaves a single 
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Figure 2.2 (a) fluorescence spectrum of natural abundance rubidium obtained in as 

atomic beam (adapted from reference [92]). (b) Energy level diagram of rubidium 

isotopes with all the hypertine transitions identified. 
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featureless absorption. The level multiplicity leads to a somewhat slower optical pumping 

rate since one needs (2F+l)/2 photons to polarize one atom under ideal conditions (with 

complete excited state mixing) but the essentials remain the same. 

The most important advance in the range of applicability of optical pumping was 

spin-exchange, which can polarize species that cannot be pumped directly. Many 

interesting phenomena have been studied using this technique which is discussed in [93]. 

Spin-exchange between rubidium and xenon occurs during collisions between the two 

species in the pumping cell and results in xenon nuclear spin p<;>larization [4]. A 

microscopic (molecular level) explanation of this is given followed by a macroscopic 

(thermodynamic) discussion. 

2.1.2 Microscopic Picture 

Happer and co-workers have found that short lived van der Waals molecules are 

important in the spin-exchange mechanism. In the presence of a buffer gas three body 

collisions can lead to a van der Waals complex forming between rubidium and the xenon 

that is particularly effective for spin-exchange due to the extended lifetime compared to a 

binary collision. The existence of these molecules had actually been inferred years before 

from relaxation measurements [94, 95]. A schematic diagram of the angular momenta 

involved in these complexes is shown in figure 2.3. The following Hamiltonian has been 

successfully used to explain all observed phenomena in this system [96]: 

(2.1) 

In this equation A is the isotropic hyperfine interaction between the Rb electron spin (S) 

and Rb nuclear spin (I), y is the spin-rotation constant for the complex, and a is the 

isotropic hyperfine interaction between the rubidium electron spin and the nuclear spin of 

xenon (K). This "Fermi contact" term can be expanded in a spherical basis and written as 

aK · S = 8
31r Ye Yxei'PCO)n K2S2 + t{K+S- + K_S+)]. 

~ 

exchange terms 

(2.2) 
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Figure 2.3 Schematic of a Rb-Xe van der Waals molecule with the various angular 

. momenta labeled. N represents the rotational angular momentum of the complex. 
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The exchange terms, which lead to polarization transfer from rubidium to xenon, are 

explicitly identified in equation (2.2). The exchange depends on the probability for 

finding unpaired electron spin density at the xenon nucleus, denoted I'P(O)j2 • It is thought 

that this term is particularly large for xenon due to polarization of the xenon core electron 

shells during a collision [97, 98]. The polarization not transferred to the xenon is lost to 

the rotational angular momentum of the complex, N, which is subsequently dissipated as 

translational energy when the complex is broken up in another collision. The van der 

Waals mechanism for spin-exchange is dominant when the collision limited lifetime of 

the complex is long and the magnetic field strengths <100 Gauss,. In higher field and/or 

at higher gas pressures, binary collisions become the dominant mechanism for spin­

exchange [99]. 

This technique has be·en used to polarize the noble gas atoms, 3He [100], 21Ne 

[101], 83Kr [102, 103] and the two xenon isotopes (as well as xenon in an excited nuclear 

state, 133mxe, possessing spin 5/2 [104]). Since only 3He could be polarized easily by 



other methods before the introduction of the spin-exchange technique, there has been a 

great deal of interest in the new experimental possibilities that have been created. 

2.1.3 Macroscopic Picture 

30 

A macroscopic view of spin-exchange is important for developing an intuition 

about the process and deriving simple rate equations to describe it. Happer et al. have 

used an electrical network model in this regard [81]; here a simple thennodynamic model 

is employed, analogous to its use in solid state NMR [13, 29]. The spin systems are 

represented as thermal reservoirs and the various couplings provide contact between 

them. A simple picture is shown in figure 2.4. Basically the light pumps the Rb system so 

rapidly (Tpump <<all othertimes) that it can be regarded as fixing the spin temperature of 

the rubidium at zero K. The angular momentum that is not lost to the lattice (T~b due to 

wall collisions and spin-rotation interaction) goes over to the xenon system where it is 

"stored" as the xenon is well insulated from the lattice (the gas phase T~e is very long, 

approaching 1 hour in coated cells). Simple phenomenological differential equations can 

be written down to quantify all of the angular momentum transfer. As mentioned above, 

the rubidium polarization, (Rb), can be considered a constant and it can easily be shown 

that the equilibrium xenon polarization, (Xe), is given by 

Xe = (Rb) 
( ) 1 + T /Txe. 

ex I 

(2.3) 

Clearly the longer T~e is (or the shorter Texis) the more nearly that the xenon 

polarization will equal the rubidium polarization which can approach unity. Augustine 

and Zilm [ 1 05] have shown that the xenon T 1 is longer at high magnetic fields in sealed 

cells which leads to high polarizations despite the smaller spin-exchange rate. 3He can be 

pumped with this method primarily due to the extremely long spin-lattice relaxation times 

(days! [106]) in appropriately constructed (aluminosilicate) cells [ 100]. 
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Figure 2.4 Thermodynamic picture of spin-exchange optical pumping. 
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The possibility for further transfer from xenon to another nuclear spin system is . 

also indicated in figure 2.4; this process is discussed in detail in chapter 5. Also the 

transfer of angular momentum from xenon to rubidium is shown as a double headed arrow 

- polarization can flow in either direction. This is exploited in the optical detection of 

xenon via rubidium discussed in the next section. 

2.2 Optically Detected Xenon NMR 

Experiments using optical techniques have recently demonstrated substantial 

enhancements of the xenon NMR signals from low pressure gas samples [96, 107, 108].· 

The use of spin-exchange optical pumping (to increase the nuclear polarization), 

combined in some cases with optical detection (to increase the signal detection 

efficiency), provides orders of magnitude increase in sensitivity. An example of this is 
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shown in figure 2.5 which shows the optically detected decay of each isotope of xenon 

sealed in a glass cell with a small amount of rubidium; approximately 2 x 1Ql7 nuclei are 

in each cell. An rf field was applied continuously and periodically swept through 

resonance to adiabatically invert the xenon magnetization and more clearly show the 

decay in the presence of baseline drifts. 

The optical pumping of 129Xe has been investigated using optical detection 

methods to observe the effects of the cell surface and temperature on longitudinal (TI) 

decay times and elucidate the spin-exchange mechanism. 131Xe is more difficult to study 

since it has a much lower spin-exchange cross section than 129Xe and the resulting 

polarization is approximately 16 times smaller [109] (cf. figure 2.5). However, 131Xe 

NMR is particularly interesting in low field with optical detection since it can be used to 

probe quadrupolar interactions at the glass surface of the pumping cells. In a spherical 

cell the average quadrupolar coupling due to xenon gas-surface interactions is zero, but in 

an asymmetric cell, there remains a residual quadrupolar interaction that breaks the 

degeneracy of the Zeeman transitions in the NMR spectrum. Initial observations of 

131Xe quadrupolar splittings of this type were made by Kwon et al [110]. Happer and co­

workers have further investigated these effects [ 111, 112], and, using cells with large well 

defined asymmetry, they have observed quadrupolar splittings on the order of 100 mHz. 

Similar methods have been employed in observations of very long gas decays used to 

search for spatial anisotropies [113, 114] and investigate possible nonlinearities in 

quantum mechanics [115, 116]. Such experiments typically rely on carefully shielded 

and stabilized low magnetic fields (about 0.1 gauss or less) in order to prevent dephasing 

of the observed magnetization due to magnetic field inhomogeneities that would obscure 

the small quadrupolar splittings. 

In this section a low field pulsed NMR apparatus is described that is capable of a 

variety of experiments designed to remove the effects of magnetic field inhomogeneity. 

Drawing on the literature of compensated radio frequency pulse sequences and iterative 
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Figure 2.5 Adiabatic rapid passage sweeps show the optically detected T1 decay of (a) 

129Xe (laser power=5mW) and (b) 131Xe (laser power=40mW). 
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schemes (see [ 117] and references within), optically detected xenon NMR is observed 

with high resolution without the need for magnetic field stabilization and shielding 

characterizing earlier studies. Such pulsed NMR techniques can narrow the line width by 

more than a factor of 20 facilitating the investigation of surfaces with large quadrupolar 

interactions with 131 Xe. 

2.2.1 Theory 

A short discussion of the spin relaxation of 129Xe and 131Xe is given. Attention is 

focused on spin-lanice relaxation without the pumping light present and the dephasing 

mechanisms relevant in our experiments. The theory of quadrupolar splittings of 131 Xe 

in asymmetric cells is briefly recounted. 

Relaxation and Dephasing of Xenon in Rubidium Cells 

As discussed in the previous section, the spin-exchange polarization rate, Iff pump, 

of xenon is given by 

(2.3) 

where r is the laser pumping rate, [Rb] is the rubidium density, v is the relative velocity 

of the xenon and rubidium atoms and 0" xe is the xenon spin-exchange cross section. The 

rubidium density is given empirically by [Rb] = 10 exp (23.97-4132ff) [118] (at 65"C 

[Rb] = 1011 atom/cm3). 

Happer et al [96] have investigated the rubidium density-dependent relaxation of 

129Xe when the pumping light is turned off and found that the relaxation rate, lff1, may 

be written 
1 T = [ Rb ]C + r wall 

1 

(2.4) 

where c and Ywall are constants. At temperatures above wo·c, [Rb] is large so that 

129Xe relaxation is caused primarily by spin-exchange collisions with rubidium and the 

Tt is reduced to about 5 minutes (and, in the gas phase, T2=Tt/2): Below about 6o·c, 
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where r ... au dominates, collisions with the glass walls, which contain paramagnetic 

impurities, cause relaxation and the T 1 can approach 30 minutes or more in coated cells. 

In contrast to the case of 129Xe, the T1 for 131Xe becomes short at low 

temperatures due to quadrupolar relaxation as the xenon spends more time on the surface-. 

Spin-exchange collisions with rubidium do not affect the relaxation rate until one goes to 

higher temperatures where the roughly exponential increase of rubidium density also 

shortens the T1. Thus there should be a minimum in the T1 described by the following 

equation: 

(2.5) 

where T~ represents all other contributions to the spin-lattice relaxation that are assumed 

to be only weakly temperature dependent. 

Quadrupolar dephasing of nuclei due to surface collisions was discussed by 

Cohen-Tannoudji [119] in his studies of Hg relaxation in quartz cells. He assumed that 

the correlation time for the fluctuating electric field gradient was long compared to the 

sticking time, allowing the overall damping rate to be expressed as 

(2.6) 

The ratio of the surface sticking time to the total time. rs 1 ( rs + r\i) is the probability of · 

finding the xenon at the wall. r. = V j 4Sv is the time between collisions and is inversely 

related to the surface to volume ratio and the atomic velocity, v. Quadrupolar qephasing 

was not removed by any of the pulse sequences discussed in this chapter, although it is 

theoretically possible to do so with a sequence of 90° pulses. 

The main dephasing mechanism for both isotopes in most of these experiments 

was magnetic field inhomogeneity. The B0 homogeneity was approximately 40 ppm 

resulting in a 129Xe line width of 3 Hz, which would make it very difficult to measure the 
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small (subhenz) quadrupolar splittings in 131 Xe. Hahn spin echoes [ 120] make it possible 

to refocus the dephasing of the spins in an inhomogeneous field, but in the presence of 

gas phase diffusion, dephasing of transverse magnetization can still occur rapidly as 

described quantitatively by 

(2.7) 

In the nutation experiments (where the radio frequency field is applied continuously) it is 

the inhomogeneity of the radiofrequency field that limits the resolution. Such 

inhomogeneity can be largely alleviated by means of coherent averaging methods and 

iterative pulse sequences originally developed to increase the tolerance and selectivity of 

multiple pulse and spin decoupling schemes. It is imponant to note that these sequences 

can work without effecting evolution due to bilinear spin interactions such as J-couplings 

or the quadrupolar interactions of 131Xe. 

Surface Induced Quadrupolar Energy Splittings 

The spin Hamiltonian for 131Xe atoms in the pumping cells consists of two pans 

(2.8) 

yH. = m. is the Larmor frequency for xenon in the gas phase which is about 17 kHz in 

our 49 gauss field and H Q is the quadrupolar term, arising from the interaction of the 

quadrupolar 131Xe nucleus with the electric field gradients at the surface of the optical 

pumping cells. Induced distonions of the electron shells can enhance the electric field 

gradients felt by the nucleus, (the Stemheimer anti-shielding effect [20, 121] ). The 

gradients are enhanced by a factor of 138 for 131Xe [49, 122] which accounts for the high 

sensitivity of xenon to the field gradients rather than the size of the gradients themselves. 

In the optical pumping experiments, the electric field gradient is assumed to be axially 

symmetric ( 71 = 0) and to point perpendicular to the surface. Due to the shon adsorption 

time of xenon at the surface, the time-averaged quadrupolar interaction is small, so that 
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HQ <<Hz, and to first order, only the secular part of the quadrupolar Hamiltonian in the 

laboratory frame has to be considered, 

2 
H = e qQ (31~ -12).1(3cos2e -1). 

Q 41(21 -1) .:. 2 (2.9) 

The angular part of equation (2.9) must be averaged over the particular cell geometry 

used and weighted by the fraction of time spent on the surface. For very thin cylindrical 

cells the term is inversely proportional to the cell height and the NMR spectrum has a 

central transition at m. plus satellites at ro. ± mQ. 

In a nutation experiment the signal is observed at the nutation frequency, COJ_, and 

the new Hamiltonian is obtained by transforming equation (2.9) to the rotating frame [20, 

29]. The result is that the quadrupolar interaction is modified by a factor 

(3cos2 {3 -1) I 2 where {3 is the angle between the axis of nutation and the laboratory z 

axis. For the on resonance case, which was used exclusively, {3 = 1r I 2, and the splitting 

between the satellite transitions is scaled by a factor of 112. 

2.2.2 Experimental Details 

Because of the sensitivity of xenon spectra to cell preparation the construction 

procedure for our cells is described in detail. The optical pumping and detection 

apparatus is described and the experimental procedure outlined. 

Cell Preparation 

Cylindrical cells were constructed using circular Pyrex plates 2 mm thick and 50 

mm in diameter, sealed onto the ends of a cylindrical tube. A small glass tube on the side 

of the cylinder connects to a stopcock with a 114" connection to a gas rack. The cells were 

washed with distilled water and acetone and dried overnight at 9o·c in air. In the case of 

coated cells, such as for the 129Xe experiments, cells were rinsed with cyclohexane, then 

washed three times with a 10% solution of Surfrasil (dichlorooctamethyltetra siloxane; 

Pierce Chemical Co., Rockford lll.) in cyclohexane and finally rinsed with pure 

cyclohexane to get rid of any urireacted Surfrasil. 
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The cells were then evacuated at 10-5 torr at 120°C overnight. Rubidium metal 

was placed in the bottom of the stopcock tube in a nitrogen or argon tilled glove box and 

the tube was remounted on the gas rack. A small amount of the rubidium was distilled 

over to the cell using a gas torch. Cells were filled with a few torr of enriched 129Xe 

(80%, Isotec Inc.) or 131Xe (70%, EG&G Mound) that was then frozen onto the bottom 

of the stopcock tube, during which time either pure nitrogen or a 8% hydrogen in 

nitrogen buffer gas was added. After waiting for the gases to mix [81], the cells were 

carefully torched off and cured at 120-150°C for a week or more. The curing process has 

been shown to be important in 131Xe cells [112], and often quadrupolar splittings, or even 

rubidium absorption, was not observed in uncured c'ells or cells cured at only 70°C for a 

week. 

Apparatus 

A schematic drawing of the experimental apparatus is shown in figure 2.6. The 

glass sample cells are held in a Plexiglas oven that is heated using hot, flowing nitrogen 

gas, and feedback controlled to better than 0.1 OC. A large solenoid magnet of an over 

wound design [123] 100 em long and 30 em in diameter produced a field of about 49 

gauss when driven by a home-built 5 A constant-current power supply with 10 ppmFC 

stability. The field homogeneity was corrected by observing the transient NMR signal 

from a water sample using standard pulsed NMR detection circuitry at 209 kHz. The 

corrections were made with four coils (X, Y, Z, z2) mounted within the magnet which 

resulted in a homogeneity better than 40 ppm over a 100 cm3 sample volume. 

Radio frequency pulses are applied to the sample using a transmitter controlled by 

a home-built pulse programmer card in a IBM compatible computer. The pulse 

programmer consists of 1k X 24 bits of AFO memory that contains timing and digital 

word information that is clocked out using an on-board 1 MHz clock. The pulse 

programmer controls all timing of events in the experiment including opening and closing 

rf gates, moving the mirror, and L-iggering the data acquisition. Frequencies of up to 1 



a) 

Rb Dl 

D Diode 
LaserffEC 

=I= Shutter 

A./4 --+--

Lamp Filter 

b) 

Mirror on 
movable mount 

Pump 
Laser 

Solenoid 

rf 
transmitter 

P.P. 

PEM I 

L_ 

Computer 

RF ~,,..,....__ ... 

39 

Polarizer 

Lockin 
Amplifier 

Figure 2.6 (a) Schematic diagram of the low field experimental apparatus as described in 

the text. P.P. is the pulse programmer, DSA is the Digital Signal A verager. Shim coils 

and oven are not shown.(b) Timing diagram for the nutation experiments. 
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MHz are derived from an external frequency synthesizer, and can be gated by the pulse 

programmer to create rf pulses. A phase shifter produces 0, 90,180 and 270 degree phase­

shifted rf pulses using digital flip'- flops [124]. The pulses are then filtered, amplified and 

sent to the tuned rf circuit. Several of our experimental pulse sequences are illustrated in 

figure 2. 7 and discussed in detail in the Results sectio~. 

The sample cell is optically pumped using circularly polarized light from a 40 

milliwatt Sharp L TO 16 laser diode laser operating at 794.7 nm. The laser is contained in 

a vacuum enclosure that is eithereva:uated or filled with nitrogen to avoid water 

condensation. The laser wavelength is tuned to the rubidium D1 absorption line by 

lowering the temperature to approximately -3s·c using thermoelectric coolers. The laser 

temperature could be controlled to better than 0.01 oc using a thermistor and feedback 

current control_ler circuit. After pumping the sample for typically two minutes a shutter 

blocks the laser, the mirror is moved using a stepper motor and the cell is irradiated with 

unpolarized light from aRb discharge lamp based on a design by Brewer [125]. This 
' 

probes .the birefringence induced in the rubidium vapor by the polarized xenon system. 

The polarized portion of the detection light is modulated using a photo-elastic modulator 

(model PEM080, Hinds International Inc.) and then analyzed with a linear polarizer and 

detected by a silicon photo-detector. The signal, proportional to (Xe), is fed into a lockin 

amplifier, (Stanford Research 575), whose time constant determines the ·bandwidth of the 

experiment, and then digitized using an 8 bit Tektronix DSA602 digital oscilloscope. In 

the nutation experiments up to 25 accumulations were made to improve the signal-to­

noise ratio and offsets due to slow drifts were reduced by reading in the de value of the 

polarization from the lockin before acquisition so that it could be removed. 

To perform the Tt measurements on 131Xe the lockin is set to a long time 

constant and the decay of (IJ probed after pumping. When necessary, the background 

signal from I29Xe is reduced by applying a gradient rf field at the 129Xe resonance 

frequency (57 kHz) during the pumping period. In addition, the signal is averaged using 



a 2-step phase cycle in which the odd acquisitions are shifted in phase by 180 degrees 

while the 131Xe magnetization is inverted with an rf pulse prior to acquisition. In this 

manner, the 131Xe signals are added while the background signals and long-term drift 

tend to cancel upon successive runs. 

2.3 Results and Discussion 
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A new pointwise acquisition scheme used for 129Xe is described and the results of 

some typical experiments presented. This technique allows standard NMR pulse 

experiments to be performed on our apparatus which can only detect the xenon 

longitudinal magnetization. Compensated nutation sequences are discussed for 129Xe and 

then 131Xe with emphasis on the results from thin cells. Finally Tt measurements for 

131 Xe are mentioned. 

2.3.1 Point-by-Point Experiments 

Point-by-point acquisition is important in many areas of magnetic resonance 

including two dimensional NMR [60], zero-field NMR[126, 127], optically-detected 

ESR [128] and the detection of multiple quantum coherences [129]. In our experiments 

the evolution of the Zeeman and/or quadrupolar interaction in the transverse direction 

occurs during the time between two ( 1r I 2) rf pulses that initiate and terminate evolution. 

The evolution time is incremented between successive pump and acquisition cycles of the 

experiment allowing the time development of the magnetization to be mapped out. In 

figure 2.7a, the evolution is initiated by a (tr I 2).. pulse that converts the z magnetization 

(enhanced by optical pumping in our case) to x magnetization in the transverse plane. 

Evolution is later terminated by a ( 1r I 2 ) ... pulse reconverting the x component of the 

magnetization in the rotating frame back into z magnetization that is then monitored 

using optical detection. A (tr /2)y pulse could be used to recover the quadrature 

component of the magnetization in the rotating frame although this was not necessary in 

these experiments. Optical detection of the z magnetization is very sensitive in this 
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experiment because the only time evolution is the very slow T 1-relaxation and thus the 

lockin time constant can be very long. The magnetization is actually sampled at three 

points during the experiment, just before the pulse sequence is applied (Mi), just after the 

pulse sequence (Mo. and after a saturating pulse train is applied to establish a baseline 

(Msat). The final signal plotted is the relative magnetization, M(t)=(Mf-Msat)I(Mi-Mf). 

Figures 2.8 and 2.9 show the results from several experiments. The first (Figure 

2.8a) is a free induction decay (FID) of 129Xe that shows a decay time of about 0.3 

seconds that is caused by the inhomogeneities in the magnetic field ( 8B.) inside the 

pumping cell not averaged by the rapid diffusion of the gas. The second (Figure 2.8b), a 

Hahn echo sequence showing the characteristic decay due to diffusion in a magnetic field 

gradient (equation 2.7). In figure 2.9a a Carr-Purcell-Meiboom-Gill (CPMG) sequence 

[ 130] was used which is designed to refocus dephasing such as that caused by 8B., and 

can be made insensitive to diffusion effects by spacing the refocusing pulses closely 

together. It shows a much longer decay time that extrapolates to approximately 3 seconds. 

Here the limitation is due to pulse imperfections and diffusion in the period between the 

180. pulses that allow the xenon to de phase well before the rubidium induced T 1 limit. 

Spin-locking experiments were also performed with this technique (Figure 2.9b), which 

yielded slightly longer decay times than the CPMG sequences. 

These experiments were not optimal for 131Xe, however, because of the limited 

signal-to-noise ratio resulting from the inferior spin-exchange rate and shorter T1 as 

compared to 129Xe [110] as well as our limited laser power (40 mW). 
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Figure 2.7 Pulse schemes for low field experiments. (a) The point-by-point experiments 

consist of two rr12 pulses separated by the desired evolution time r (during which other 

pulses may be applied). The nutation experiments consist of either (b) a single long pulse, 

or (c) an alternating sequence of x and x pulses. 
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Figure 2.8 Point by point acquisition of optically pumped and detected 129Xe signal. (a) 

Free induction decay, decay time = 0.3 sec. (b) Hahn echo experiment. Lines connect the 

points to guide the eye. Vertical scale is relative magnetization. 



1.0 

0.8 

0.6 

0.4 

0.2 

0.8 

0.6 

0.4 

0.2 

• , .... - ... 
• ; 4 a 

0.0 0.1 

0.0 0.1 

45 

........ 

a 

0.2 0.3 0.4 0.5 

b 

0.2 0.3 0.4 0.5 

Time (Sec.) 

Figure 2.9 Point by point acquisition of optically pumped and detected 129Xe signal. (a) 

CPMG sequence (see text), decay time= 3 sec. (b) Spin-locking experiment, decay time 

= 8 sec. 
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2.3.2 129Xe Nutation Experiments 

Another way to overcome dephasing due to 8B, is a nutation experiment (Figure 

2b) with the Bt (rf) field much stronger than the inhomogeneities. (Although all of the 

pulses are weak in the sense that the evolution of the xenon magnetization is followed 

using optical detection during the pulses.) This technique leads to the longer decay (T2 = 

1.5 sec.) shown in figure 2.10a, where one is left with the smaller dephasing due to the rf 

field inhomogeneities 8B1• This can be removed using rotational echoes i.e. reversing the 

phase of the Bt field every nutation cycle, or 2n rotation of the xenon magnetization. In 

principle this can remove the dephasing entirely with rapid enough phase reversals, 

however this enhanced resolution comes at the expense of signal-to-noise since the lockin 

amplifier time constant must be set such that 

(2.10) 

and thus faster nutation demands a wider bandwidth of the lockin thereby increasing the 

noise. 

Figure 2.1 Ob shows the large improvement one can achieve using the phase­

reversed nutation sequence (Fig 2.7c), with a nutation rate of 4Hz. The decay time 

increases to approximately 15 seconds and is now dominated by pulse imperfections and 

residual rf field inhomogeneities not averaged on the timescale of the nutation. Nutation 

experiments were performed on 131Xe (in symmetrical cells) that decayed at essentially 

at the T t/2 limit of 50 seconds. Since the rf coils were only being used for excitation there 

were no constraints involving the filling factor and experiments were done with optimum 

geometry saddle coils wound on the shim stack that has a diameter of 25 em. Even with 

these very large (and therefore very homogeneous) coils it was still advantageous to use 

the phase reversal technique. 
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Figure 2.10 Optically-pumped and optically-detected 129Xe nutation experiment. (a) The 

signal rapidly decays due to magnetic field inhomogeneities. (b) Reversing the rf nutation 

phase every nutation period refocuses the dephasing and increases the decay time. Notice 

the different time scales. 
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Experiments were performed with shoner and longer nutation periods but 360 

degrees was found to be optimal. Also, the spectra are more complicated for cycles that 

are not multiples of 180 degrees due to high frequency harmonics that are introduced by 

suddenly changing the sign of (!:) which is zero only at 0 and 180 degrees. Higher order 

corrections to the simple phase-reversed nutation pulse sequence of Figure 2.7c can be 

made by using standard NMR pulse sequences. For example, the MLEV -16 sequence 

[131] is an example of an iterated sequence of rotations, R, and phase-reversed rotations, 

R in the following "supercycle", 

RRRR RRRR RRRR RRRR (2.11) 

Data from nutation experiments using R = 2n , 81t rotations and a MLEV -16 sequence 

all with nutation frequency of about 8 Hz are shown in Figure 2.11 for 129Xe. The more 

complicated sequences are designed to be insensitive to pulse imperfections, however, 

from the data, it appears that there is no improvement over simple phase alternation. 

2.3.3 131 Xe Nutation Experiments 

Figure 2.12 shows the phase reversed nutation data at 120·c for 131Xe in a t1at 

cylindrical cell 3 mm high with added hydrogen. The Fourier transform shows three 

peaks corresponding to the 3 frequencies of the quadrupole-perturbed Zeeman 

Hamiltonian [equation (2.8)]. The measured quadrupolar splitting for the hydrogen cell 

is about three times larger than our results for a bare Pyrex cell, with no added hydrogen 

under the same experimental conditions. Funher experiments are needed to determine 

the splitting dependence on the cell asymmetry. For bare Pyrex cells the splittings had the 

predicted inverse dependence on cell height [111]. Splittings comparable to the hydrogen 

cell were detected in a quartz cell with the same dimensions after extensive (months) 

curing but the signals were very weak probably due to a shon T1. Quadrupolar splittings 

of the bare Pyrex cell and cells with added hydrogen were measured at different 
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Figure 2.11 (a) Phase reversed nutation at 8Hz. (b) and (c) Alternative pulse 

experiments to simple phase reversed nutation. The signals have been slightly clipped by 

the digitizer. 
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Figure 2.12 (a) 131Xe nutation signal for hydrogen cell3 mm height and 50 mm diameter 

at ll5°C. 129Xe relaxation causes the background decay. (b) Fourier transformation of 

(a) shows quadrupolar splitting of 392 mHz. 



temperatures, and the data fit to an Arrhenius behavior 

(J)Q = (J)Qe-EalkT_ 
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(2.12) 

The activation energies Ea were -0.03 e V for the bare cell, and -0.12 e V for the hydrogen 

cell, in agreement with results of other workers [110, 112]. The higher activation energy 

means a longer residence time on the surface that leads to the larger quadrupolar 

interaction for the hydrogen cells. 

2.3.4 T 1 Measurements 

Several researchers have reported [110, 112, 132] that H2 has the effect of 

lengthening the Tt of 131Xe in Pyrex glass cells. This probably results from reactions of 

H2 with paramagnetic centers (M) on the surface of the glass, including rubidium, to form 

M-H that reduces the paramagnetic relaxation of xenon at the surface. Nicol [ 133] 

reported an increase in the relaxation time for 129Xe in Pyrex cells by adding H2, 

although the relaxation time decreased in Coming 1720 cells [ 132]. For 129Xe optical 

pumping experiments, the largest effect is obtained by coating the cells with Surfrasil 

which is thought to cause the same shielding mechanism for it also has the effect of 

substantially lengthening the relaxation time. A typical decay curve and a plot of all the 

131Xe Tt data for a symmetric hydrogen cell is shown in figure 2.13. The fit to the 

temperature dependence is given py equation (3) and is the same as reported by other 

workers [134]. Spectra from 131Xe in a Surfrasil coated cell were not observable due to 

the dramatic reduction in Tt (<10 sec. [112]). 

2.4 Summary 

A variety of multiple-pulse experimental schemes were presented in this chapter 

that are designed to remove the effects of magnetic field inhomogeneities on low field 

optical pumping experiments. Point-by-point acquisition methods make it possible to 

implement a wide array of NMR pulse sequences and allow the bandwidths of the 
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evolution and detection times. to be different. Phase-reversed nutation sequences yield 

much greater resolution than straight nutation experiments. All of the techniques make 

possible accurate determination of 131Xe quadrupolar interactions at the cell surface. 

More chemically interesting surfaces may also be investigated with 131Xe and should 

benefit from these techniques. It should be noted that the nutation experiments that have 

been used to detect the quadrupolar splittings of 131 Xe scale this interaction by a factor of 

112 on resonance. With point-by-point techniques it should be possible to observe 

quadrupolar splittings with no scaling as in the nutation experiments, no resonance offset 

effects, and no magnetic shielding, assuming the signal-to-noise ratio is otherwise 

sufficient. 

Clearly the potential of this technique as a probe of surfaces is severely hampered 

by the presence of rubidium in the gas phase above the sample. This strictly limits the 

temperature range that can be investigated and the high chemical reactivity of the alkali 

metals also posses a great challenge to the surface being investigated. It is partially for 

these reasons that the separation of xenon from the rubidium was needed to fully exploit 

its potential as a surface probe. However, to achieve sufficient sensitivity, it was clear 

that high field NMR detection of the pure xenon y.ras required. The implementation of 

these ideas is the subject of the next chapter. 
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CHAPTER 3 Initial High Field Experiments 

This chapter describes the experiment involving transport of highly spin polarized 

xenon to high magnetic field for conventional (Faraday induction) NMR detection. After a 

description of the NMR probe and the glassware required, a brief discussion is given of 

possible pump sources. Using a Ti:Sapphire laser (2W) the high field experiment is shown 

to be capable of producing an enhancement in the xenon gas signal of 54,000 over thermal 

equilibrium. Various experiments displaying susceptibility effects in solid xenon are 

discussed in detail. Finally, results of xenon showing adsorption on a wide variety of 

surfaces is presented showing the stre11gths and limitations of using spin polarized xenon 

as a probe of various surfaces. _ 

3.1 Description of the High Field Experiment 

The apparatus, shown schematically in Figure 3.1, consists of an optical pumping 

cell located in the fringe magnetic field (250 gauss) underneath a 4.3 Tesla superconducting 

magnet and a sample cell located in high field. The two regions are connected by some 

glassware and are separated by a series of stopcocks. A connection to a vacuum rack 

allows for evacuation of the sample region, and a pressure gauge permits measurements 

during the experiment. Natural abundance rub~dium is contained in a sidearm ,connected to 
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Figure 3.1 Schematic diagram of the high field experimental apparatus. Circularly 

polarized 794.7 nm laser light is steered through the optical pumping cell. A silicon photo 
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detector is used to detect the rubidium absorption. The oven used to heat the pumping cell, 

and the nitrogen cooling system for the sample region are not shown. 
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a pumping cell heated with nitrogen gas. The rubidium is optically pumped to a polarization 

level approaching 100% using circularly polarized light from either a 40 milliwan, single­

mode semiconductor diode laser (model LT016, Sharp Electronics Corp., Mahwah, NJ) 

or an argon ion pumped Ti:Sapphire laser (Schwartz Electro-Optics), both operating at 

794.7 nm, the rubidium D 1 transition. The laser illuminates approximately 213 of the cell 

volume. The absorption is monitored either through the decrease of transmitted light 

through the cell on resonance or by observing the scanered light through an IR viewer. The 

entire glass manifold is coated with Surfrasil (Pierce Chemical Co. Rockford, IL) a 

siliconizing agent that increases the wall-induced relaxation time of 129Xe to greater than 30 

minutes as discussed in the previous chapter. The cylindrical optical pumping cell used for 

most of the optical pumping experiments has a volume of approximately 11 cm3 and is 

filled with 60-600 torr of enriched (80%) 129Xe. A Helmholtz pair of shim coils is used in 

the low pressure experiments to reduce the fringe magnetic field to approximately 50 gauss 

which has the effect of increasing the spin exchange efficiency. Further details of the 

pumping region beneath the superconducting magnet are shown in figure 3.2. The 

experimental procedure followed with this apparatus is outlined in section 4.1.1. 

3.1.1 NMR Probe 

The NMR pro behead (figure 3.3) underwent several stages of modification during 

the course of these studies and two different probes were built. The sample region consists 

of the xenon transfer line terminating with a sample cell inside the solenoid coil of a tuned 

rf circuit. Different glassware configurations are used in the two probes. In the first probe 

the xenon transfer tube wraps around the coil and has a joint inside the dewar which allows 

for easy sample changing. At very cold temperatures the xenon has a tendency to freeze out 

onto the glass tubing walls before reai:hing the sample and the glass joint within the dewar 

has a tendency to fail. To compensate for these problems a Teflon enclosure was 

constructed about the rf coil to limit the coldest part of the dewared region to the immediate 

sample region. The second probe has a glass joint below the sample region which is 
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necessary due to the smaller diameter (89 mm) bore it is designed for. This sample 

geometry is somewhat inconvenient as the solenoid coil must be unsoldered every time the 

sample is changed. Both probes are cooled by nitrogen that passes through a heat 

exchanger and flows up through the center of a dewared stainless steel transfer line. This 

setup is capable of cooling the sample down to ::::-17 s·c (98 K). An rf-shielded 

thermocouple is inserted into the dewar to monitor and control the temperature at the 

sample. The temperature is maintained constant with an accuracy of± 1 ·c using feedback 

from a commercial temperature controller (Omega). The sample region is insulated by a 

glass dewar, sealed with a silicon rubber 0-ring, and separated from the rest of the probe 

by a Macor base support. The double resonance rf circuit, based on a design by Doty and 

co-workers [135], has the advantage of good efficiency at the xenon resonance frequency 

at 51.4 MHz while allowing for a large sample volume of about 4 cm3. 

3.1.2 Pumping Sources 

Two different laser systems were used for the optical pumping experiments. 

Initially single mode diode lasers (line width :::::20 MHz) were employed as a source of 

resonant light at 794.7 nm. These lasers have found widespread scientific applications such 

as in atomic physics [ 136], as well as many technological applications such as laser 

printing and (at 5 mW) CD players. Consequently they are mass produced and relatively 

inexpensive (1 0 for $800). The diode lasers have several advantages over other lasers 

being extremely compact and, since they are all solid state, relatively immune to mechanical 

vibrations. Diode lasers are unique in that they are directly pumped by electrical current, 

achieving population inversion by electron injection into a cleverly designed heterojunction 

structure and thus only a constant current source is required to drive them. However, these 

lasers must be carefully temperature controlled and, as they are only commercially available 

at 805 nm, must be cooled to about -4o·c to tune in the desired frequency range (795 nm). 

Our diode laser is mounted in a nitrogen filled vacuum enclosure (to avoid condensation) 

and temperature controlled to within ± 0.01 K using two layers of thermoelectric cooler 
_/ 
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elements and temperature controllers (Light Wave Co. Bozeman, MT). It is fine tuned onto 

the D1 transition by adjusting the laser drive current. Unfortunately, diode lasers are subject 

to "mode-hops" -frequency jumps of hundreds of gigahertz- while temperature tuning 

and thus there are significant gaps in their tuning range. It was found that only about 30-

40% of the diode lasers tested could tune stably onto the rubidium transition of interest. 

Finally, the highest power currently available in single element design is 100 mW, more 

than an order of magnitude less than what is available from other sources. 

Liquid state dye lasers have typically been used for applications requiring tunable, 

narrow band power in the visible region. The rubidium D1 transition is far enough in the 

infra-red that it is beyond the peak power region for most dyes, however, it is exactly at the 

peak of the gain curve for the Ti:Sapphire solid state dye laser. This is a very homogeneous 

material that can output high power from 700-1000 run. A Schwartz Electro-Optics Titan 

CW is used in a t:ing configuration with an etalon (line width< 10 MHz). This laser is 

pumped by a small frame argon ion laser (lnnova 310, Coherent Laser Group). With the 

pump laser putting out 10 watts, 2 watts of power at 795 run can be obtained. This level of 

performance demands a fair amount of maintenance in terms of cleaning and alignment, 

however, even with low maintenance about 800 mW can easily be obtained. Tur:ting onto 

the D1 transition involves coarse tuning of the cavity with a birefringent filter and fine 

tuning by tilting an intracavity etalon [ 137]. This laser is also susceptible to "mode-hops", 

but, due to the longer cavity length, the frequency gaps are only 240 MHz which is less 

than the Doppler broadening at the temperature used and thus insignificant (cf. figure 2.2). 

Long term stability is similar to the diode laser, depending on the temperature stability of 

the cavity [138]. Despite the additional costs and requirements of the Ti:Sapphire system, 

its performance clearly justifies its use. 

It is worth noting that diode laser arrays have recently appeared which combine the 

high power of the Ti:Sapphire system with some of the advantages of diode lasers. They 

produce highly divergent and spectrally broad (hundreds of gigahertz) multimode output. 
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Chupp and co-workers have successfully used these lasers to polarize 3He at high 

pressures (1-5 atm.) [139]. However, for lower pressures, a narrower bandwidth is 

desirable and until recently this could only be achieved with a user constructed external 

optical feedback cavity with an etalon, requiring a delicate optical alignment [140, 141]. 

This is not a feasible arrangement for xenon optical pumping which demands that the laser 

rapidly tune to and remain on the transition frequency for the entire pumping period 

(typically 30 minutes). Very recently however, advances in integrated optics have allowed 

the construction of commercial diode laser arrays that directly output single mode, circular, 

and diffraction limited light [142]. Although such a laser is not yet available at 800 nm it 

may become the light source of choice for a dedicated optical pumping system in the future. 

3.1.3 Xenon Gas Enhancement 

To determine the 129Xe enhancement produced by the apparatus just described, an 

optically pumped gas signal was directly compared with the signal from a sealed reference 

sample containing a known number of xenon nuclei (and doped with a small amount of 

oxygen). In low magnetic field polarimetry [143] or comparison to a large water sample 

[99] must be used to determine the polarization. The reference was approximately the same 

volume as the optical pumping sample region and thus the different pressures could be used 

for a direct comparison. In figure 3.4 one scan of the sealed reference is compared to one 

scan of optically pumped xenon. The xenon was polarized by 1.3 watts of laser power 

under optimized conditions (==25 G field with 44 torr xenon and 70 torr nitrogen, T=83.C). 

From the ratio of the areas and the known gain/attenuation in the receiver the enhancement 

is calculated to be 54,000. This translates into a polarization of p = 35%; alternatively, 

using equation (1.3), this can be expressed as a spin temperature of Ts=3mK (the 

translational degrees of freedom are at :::::300K!). Enhancements obtained under typical, 

nonoptimized pumping conditions were ==10,000. By comparison a 40 mW laser diode 

gives a typical enhancement of 700 [108]. 
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Figure 3.4 Polarization enhancement in xenon gas. (a) Reference sample, 5 x 1Q19 nuclei. 

SIN=ll. (b) Optically polarized spectrum, 2 x 1Q17 nuclei SIN=1300. 
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3.2 Thin Solid Films [28] 

The next step after successfully observing the enhanced gas phase xenon NMR 

signal was to simply lower the temperature and observe xenon in a condensed phase. The 

phase diagram for xenon is shown schematically in figure 3.5. The triple point, Tt, occurs 

at 640 torr and -109 °C, the critical point, Tc, is at 16"C and 56 bar. In the optical pumping 

experiments the xenon pressure was never high enough to observe the liquid although it 

could be observed in the sealed reference sample. The liquid has a fairly shortT 1 of about 3 

seconds. The solid phase was observed along the gas-solid coexistence curve highlighted 

in figure 3.5 below -118°C for typical pumping pressures (250 torr). Solid xenon was 

studied by the NMR community in the sixties because of its unusually large temperature 

dependent chemical shift [144, 145, 146, 147]. The chemical shifts initially measured in 

our sample cells did not agree with the literature; in fact, one spectra displayed a frequency 

shift indicative of the solid at =20 K [148]! 
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Figure 3.5 Schematic phase diagram of xenon. 
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The line shape was also not a simple gaussian and was much broader than it should be at 

higher temperatures where self-diffusion strongly reduces the dipolar line width [ 148]. 

These anomalies are explained when the effect of the bulk diamagnetic susceptibility, X D' 

of the solid xenon film geometry is included on the line shape. With this effect taken into 

account, the spectral line shape and resonance frequency were fully rationalized and 

brought in agreement with the literature. 

Only a few NMR studies of films have been reported [149, 150], and they were 

performed on high surface-area material$ such as graphitized carbon black (Graphon Union 

Carbide), with a surface area of about 70 m2fg, or exfoliated graphite (Grafoil). For 

example, Pettersen and Goodstein attributed the reduction ofTt relaxation times in thin 

layers of methane adsorbed on Grafoil [ 149] to the diffusion of methane molecules to 

paramagnetic impurities on the surface. They observed some interruption of this 

mechanism from an intermediate layer of adsorbed xenon. Neue [ 150] observed three 

monolayer thick xenon films on Graphon and concluded that diffusion to surface 

paramagnetic impurities also played an important part in T1 relaxation. The line shapes 

were influenced by an inhomogeneous interaction of the xenon film with the large magnetic 

susceptibility of the graphite. 

Thin films of 3He have been studied by Laloe and co-workers [151] who used 

optical pumping methods to enhance the polarization of gaseous 3He which was 

subsequently condensed at 400mK. Due to interaction of the nucleus with the large, local­

dipolar magnetic field of the highly polarized film, the resonance frequency of the film is 

shifted from that of the gas, depending on its polarization and orientation with respect to the 

magnetic field. The frequency shift is proportional to rM. (3cos2 8 -1), where y is the 

gyromagnetic ratio, M0 is the magnetization of the film in Gauss, and 9 is the angle 

between the normal to the film and the static magnetic field. 

In this section results are presented on the use of optical pumping to enhance the 

NMR signal of frozen 129Xe detected in high magnetic field , allowing us to take advantage 
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of both high sensitivity and high resolution. A variety of effects due to geometry and 

temperature in thin ( = 1 J.lm) films of xenon are observed that can be understood in terms 

of bulk diamagnetic susceptibility shifts and motional diffusion in the solid. The observed 

spectra correspond to model magnetic resonance chemical shift anisotropy (CSA) line 

shapes observed in powdered solids distributed over 1 or 2 angles of orientation with 

respect to the magnetic field [29]. In addition to its effects on the spectra of films and bulk 

samples, bulk diamagnetic susceptibility can play an important role in magnetic resonance 

imagir.g experiments where the orientation of otherwise identical structures (e.g. blood 

vessels) vmes and affects the resonance frequencies of those volumes. These shifts have 

been quantitatively studied in capillary tubes and annular compartments [ 152]. 

3.2.1 Theory 

The magnetic susceptibility arises from the second-order energy correction for 

electronic states in a magnetic tield, and can be written [22, 153] as 

, 

X= xp + XD = -e-1 l:(OjlJO)+ XHF' 
6mc ; 

(3.1) 

where X D and X P are the diamagnetic and paramagnetic contributions to the susceptibility, 

and XHF are the high frequency terms. In atomic xenon there is no paramagnetic term 

where, in the usual case, the nucleus is chosen as the origin of the vector potential [22]. 

The bulk susceptibility is related in form to a more commonly observed resonance shift, the 

chemical shift, which also has diamagnetic and paramagnetic terms, but whose expectation 

values are multiplied by a factor of lfr3 [20]. As a result, the chemical shielding is sensitive 

to shorter-range perturbations of the electron clouds such as chemical bonding. 

The susceptibility for a cylindrically-shaped annular sample has been analyzed by 

Zimmerman and Forster [154]. They considered a sample consisting of concentric layers of 

materials (sample regions plus glass tubes) with different susceptibilities. The geometry is 

shown schematically in figure 3.6. The relative change of the magnetic field in a sample 
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Figure 3.6 Coaxial regions defined by Zimmerman and Forster in the derivation of 

equation 3.2. The light gray area, region 3, is the xenon solid. Regions 1 and 2 are low 

pressure xenon gas and the dark gray area, region 4, is the glass cell. The magnetic field, 

B, is directed along the Z direction. 
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region i due to the susceptibility is given by the following: 
j=i-1 

HJ H, = [1- tC.U; -.Us)]- t La~ (.Ui+l - .u, )cos(28)/ r 2
, (3.2) 

i=l 

where J.l; are the permeabilities of the various regions, a, is the outer radius of regionj, 

and cos(28) describes the angular dependence (for a cylindrical annulus) of the anisotropic 

bulk magnetic susceptibility. For our case, i = 3, J.l 5 = J.l.v: = 1 (low pressure Xe gas), 

and J.L 5 = J.l N: = 1 so 

H,/ H, = [1- tC.U 3 -1)]- tag(.U 3 -1)cos(28)/r2
• (3.3) 

The first term contains the isotropic susceptibility shift, and the second can be expressed in 

terms of volume susceptibility (X v) using rationalized SI units, J.l = 1 +X v. At r = a 3 

the maximum and minimum values are observed at 8 = 0 and 90° respectively, and the 

difference is just 

(3.4) 

which, for a thin fllm where a 3 = a2 , simplifies to %3 • As the thickness of the film is 

increased, and 

(3.5) 

the outer lines of the spectrum start to show considerable curvature (ref. [ 154], Fig. 6) that 

is visible in the spectra of Chu et al. [ 152] for coaxial water samples. 

The related problem of describing the anisotropic chemical shift line shapes for a 

distribution of molecular crystallites was first considered by Bloem bergen and Rowland 

[155] (see also Mehring [29] and Haeberlen [2]). Haeberlen's derivation [2] of the line 

shape is adapted to the susceptibility problem as follows. The angular dependence of the 

magnetic susceptibility can be described by a cos(28) dependence where 8 is the angle 

between the normal to the plane of the film and the magnetic field. The line shape for an 

arbitrary sample geometry may be complicated, as in the case of a general ellipsoid with 
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axes a * b * c. However, for symmetric cases with no radial dependence, the line shapes 

simplify considerably. The frequency components of the spectrum can be written in terms 

of the film orientation and the bulk magnetic susceptibility: 

~m = mjm,- [1 + Ci+ 8-+ xcos(28)] (3.6) 

where C5 is the chemical shift (which may be temperature dependent, as in the case of solid 

xenon), 8 is the isotropic bulk magnetic susceptibility shift (which from equation 3.3 

equals -+X for a cylinder), and m, is the reference frequency. The intensity of the 

spectrum may be written, integrated over all angles, as 

J l(ro)dro = JJ dA(9,</J) (3.7) 

In order to express the area element, dA (which is dS for a cylindrical distribution with the 

cylinder axis perpendicular to the magnetic field as in figure 3.6) in terms of the frequency, 

we want to find d9 in terms of dro [ 152, 154]. Inverting equation (3.6) 

f)= !arccos( -2~0J/ X) (3.8) 

where ~co = mj m, - [ 1 + Ci + 8] ·, and differentiating, 

dB= 1 dm 
. xm, ~1- (2~m/ X)2 

(3.9) 

We can see from equation 3.7, that since dA=dS, this is the line shape for the cylindrical 

cell in tigure 3.6. The two singularities are at ~ro =±!X relative to the isotropic 

susceptibility shift 8 cylinder = -+X. The total width of the spectrum is x. from equation 3.4. 

This is the same as the line shape expected for an axially symmetric two dimensional 

chemical shift pattern in a powder (namely, an isotropic distribution of orientations about 

one axis of rotation (8) with respect to the magnetic field). This is the case for a polymer 

sample fully oriented along one axis, but randomly oriented azimuthally [29, 30], as 

discussed in chapter 1. 
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For the case of spherical film geometry the elemental area dA is sine de and the 

frequency dependence of the film's orientation is determined by substituting 

-+ P1 (cos e)+ t for -tcos(28), which partitions the angular dependence into isotropic 

and anisotropic parts for a spherical distribution. Adding -t X to -t X gives the isotropic 

shift for the sphere, 8sphere = -t X. Inverting equation (3.8), differentiating, and using 

equation (3.7) as before yields the well known line shape 

1 1 
l(m) = ----:?===== 

2xm, ~t- !!.mf x 
(3.10) 

with a singularity at !!om= +t X relative to 8sphere· The width of the spectrum is again X. 

Note that although the expressions derived here are similar to those for microscopic 

chemical shifts (section 1.2), here we are concerned with the macroscopic distribution of a 

film in the magnetic field. 

3.2.2 Experimental 

The experimental methods and apparatus were described in section 3.1. Briefly, 

the 129Xe nuclei become polarized via spin-exchange collisions with rubidium atoms. 

After pumping for about 30 minutes, the polarized xenon is transported to the NMR sample 

region in high magnetic field and frozen at temperatures below 150K onto the surfaces of 

NMR sample cells with various geometries. The setup of the highfield sample region was 

that of figure 3.3a for all of these experiments. The 5 tum solenoid rf coil is approximately 

2 em in length and diameter. The sample region is cooled with cold flowing nitrogen gas 

and is temperature regulated to within ±lK using a nichrome wire heater. For the spin­

echo experiments mentioned below, a Carr-Purcell sequence [ 156], consisting of evenly­

spaced 180° pulses, which refocus the inhomogeneous decay of the magnetization, was 

applied after a single 90° pulse. In general, spectra were obtained immediately after 

freezing the xenon into the sample regions. However, in order to perform experiments in 

the capillary tube the temperature wa~ dropped from 5K above the freezing temperature 



(145K for a xenon pressure of 220 Torr) to 10K colder to prevent xenon from freezing 

outside the sample region. 

3.2.3 Results 

Spectra are shown in figures 3.7, 3.8, 3.9 for xenon films in several differently 
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shaped NMR sample cells. Schematic figures are shown next to each spectrum illustrating 

the sample cell geometry: flat rectangular boxes parallel and perpendicular to B0 , cylinder, 

and sphere. No broadening has been applied to any of the spectra. Figure 3.8 shows the 

difference in the spectra for a cylindrically shaped thin film (a) versus a bulk cylindtical 

solid formed in a capillary tube 250 J..Lm in diameter (b). The xenon freezes relatively 

uniformly throughout the capillary volume, as indicated by the symmetric line shape and 

uniform shift of +X (to within experimental error), as expected. 

Figure 3.9 shows spectra for spherically-shaped films at 148K and 123K. At the 

lower temperature, magnetic dipole-dipole interactions cause a homogeneous broadening of 

the line as seen in Figure 3.9(a). At the higher temperature, the spectral features are very 

sharp because self diffusion in the solid averages out the dipole··dipole couplings. The 

isotropic chemical shift is also lower as discussed below. Carr-Purcell spin-echo 

experiments [156] show that the homogeneous line width is only 10Hz at 148K, in 

accordance with the results of Yen and Norberg [148] (corrected for isotopic enrichment) 

who studied the effects of self diffusion on the line width in bulk solid xenon. A fit to 

equation 3.12 for the spherical film in figure 3.9(b) gives X = 13.6 ppm and a residual 

Gaussian broadening of 25 Hz. The value of the molar bulk magnetic susceptibility is 

-43.9 x 1Q6 (cgs) [157], in agreement with ab initio calculations [23], that can be converted 

to a volume susceptibility (in rationalized SI units) by the following expression (in ppm) 

[152]: 

(3.11) 

where pis the density and M is the mass. Xo for xenon is -14.8 ppm, which is in good 
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Figure 3.7 129Xe NMR spectra for xenon thin films frozen on the surfaces of sample cells 

with different geometries: flat rectangular box (3.0 em x 1.0 em x 0.1 em) with normal (a) 

parallel and (b) perpendicular to B (oriented as shown in the plane of the paper). 
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Figure 3.8 The spectrum for the (a) cylindrical (1 em diameter) thin film shows two sharp 

singularities while in (b) only the isotropic (average) value is observed in the 250 IJ.m 

capillary tube. Residual susceptibility effects broaden the line in the capillary by about 150 

Hz. The asymmetry in (a) is due to the presence of an additional vertical wall at the end of 

the sample tube. 
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agreement with the obsetved splitting in the cylindrical sample (figure 3.8(a)) of 15.1 ppm. 

The difference between the two values as well as the difference between the sphere and 

cylinder probably arises from the susceptibility of the glass. 

We also investigated the temperature dependence of the chemical shift of the solid 

for the flat rectangular sample cell (figure 3.7(a)) to avoid isotropic susceptibility shifts. 

The temperature dependence is plotted in figure 3.10 with a linear least squares fit with a 

slope of -0.278 ppm/"C. Converting to density using the data from Packard and Swenson 

[158], we find the density dependence to be 0.575 pprnlamagat, in agreement with the 

work of Brinkmann and Carr [144, 159]. Experiments were also perfonned using the 

cylindrical sample cell at different temperatures, and no temperature dependence of X 0 was 

obsetved, as expected. 

3.2.4 Discussion 

In Laloe's 3He experiments mentioned earlier, the obsetved spectrum in a 

cylindrical container consisted of a gas phase signal and two additional lines due to vertical 

( 9 = nj2) and horizontal ( 9 = 0) films, consistent with the M,P2 (cos 9)) dependence of 

the fllm orientation. As the film crept (because of gravity) from the sides of the sample 

region to the bottom, the intensity of the peak due to the vertical film decreased in favor of 

the peak for the horizontal film. The line shape for our cells showed a slow time 

dependence that was probably due to temperature gradients that caused a slow, 

macroscopic migration of the film towards the coldest part of the sample cells. In the 

spherical cell, the low field (higher resonance frequency) part of the spectrum was 

observed to decrease in intensity. In the cylindrical cell, however, the opposite was 

obsetved, with the line shape changing to enhance the low field part of the spectrum. These 

effects could not be due to gravity (as in the case of liquid 3He ftlms) that would cause a 

drift to higher resonance frequency in all of our samples. 
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Figure 3.9 Spectra of xenon thin films in the spherical sample cell (0.6 em radius) at (a) T 

= 148K, the residual line width is only 25 Hz. The chemical shift of the singularity is 295 

ppm. (b) At T = 123K, the residual line width is now 160Hz and the chemical shift of the 

singularity is 303 ppm. 
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Figure 3.10 Temperature dependence of the chemical shift in xenon solid. The line 
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represents a least squares fit to the data which has a slope -0.278 ppm/K. Errors are on the 

order of the size of the point. 
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The residual broadening of the spectrum for the spherical sample at 148K (25Hz) 

is somewhat large compared to the expected value from Yen and Norberg [148]. At such 

temperatures, diffusion is present in the solid which has the effect of narrowing the line 

width. However, spin echo experiments showed that the observed broadening was 

inhomogeneous in nature and probably due to residual magnetic field inhomogeneities over 
\ 

the sample volume. The fits to the line shapes also indicated a slightly non-uniform fJ.lm 

formation (fllm thickness is about 5% greater at the equator than at the poles). Residual 

susceptibility effects can account for the residual line widths in the flat cells and the 

capillary tube. At lower temperatures (below 118K), the xenon spectrum observed has the 

expected rigid lattice line width of 576Hz [148], when corrected for our higher 129Xe 

isotopic abundance. 

In summary, optical pumping techniques allow the observation of 129Xe NMR in 

xenon thin films with an area of about 10 cm2 and thickness of lj.!m (:::::2000 atomic 

layers). Bulk diamagnetic susceptibility effects are easily seen and understood in terms of 

line shapes corresponding to different distributions of orientations of the films with respect 

to the applied magnetic field. Effects of temperature on the chemical shift and the line 

broadening are readily observed in the spectra. 

3.3 Survey of Surfaces 

Spin polarized xenon can be an excellent probe of surfaces using the high field 

NMR setup described at the beginning of this chapter. This section shows preliminary 

results from a variety of different materials. No complete analys~s is given for any of these 

spectra, they are meant to illustrate the possibilities and limitations of using spin polarized 

xenon as a probe of various different types of surfaces. 
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3.3.-1 High Surface Area Materials 

Several high surface area materials were investigated to provide a bridge to previous 

conventional xenon NMR studies briefly discussed in chapter 1. Several of these systems 

have relatively shortT 1 and a multiple pulse/acquisition technique was used to obtain the 

spectra. In tigure 3.11 room temperature spectra are shown of xenon in NaY zeolite and 

amorphous carbon about 100 msec after adsorption. The chemical shift in the zeolite is 59 

ppm consistent with the results of Ito and Fraissard [32] extrapolated to zero pressure. The 

Thennax (amorphous) carbon can be compared to the work ofRyoo et al. [160] where a 

several different grades of carbon were studied. It is interesting to note the time dependence 

which existed in both of these cases. The line width was initially about 600-700 Hz in both 

cases and became equal to its equilibrium value in =100 msec. Activated carbon, with a 

surface area of :>900 m2Jg was also studied briefly and gave a line width three time larger 

than the equilibrium spectra although the chemical shifts were identical (44 ppm). 

Xenon was observed on magnesium oxide and aluminum oxide but the lines were 

extremely broad and the relaxation times short ( < 1 second) and so it is not known if the 

xenon had fully equilibrated with the surface. Xenon was also studied adsorbed onto 

Degussa Aerosil 300R (surface area 300m2/g) which has methyl capping groups on the 

silica surface. The line shape of the xenon strongly resembled that of a chemical shift 

anisotropy. Observing the time development of the signal probed at five second intervals 

show that the relaxation is very different across the line with the fastest relaxation taking 

place at the low frequency edge. It is also possible that this effect is due to migration among 

the distribution of sites on the surface. Further quantitative work is necessary to clarify the 

situation. 
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Figure 3.11 Xenon adsorbed on (a) Thermax (8=10 ppm) and (b) NaY zeolite (8=59 

ppm). 
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3.3.2 Salts 

An anempt was made to study the surfaces of some salts (Figure 3.12) which can 

have large adsorption energies (6-7 kcal/mol). The adsorbed peaks show signs of 

interesting substructure but the extremely short T1 (=200 msec at -120°C) made 

observations under equilibrium conditions impossible. Even with ultrahigh purity NaCl 

(99.9999%, Puratronic Inc., Fe content <0.2 ppm, other metals <0.5 ppm) the relaxation 

time was quite short ( 1-2 seconds at -130°C) undoubtedly due to residual paramagnetic 

impurities at the surface. Neue [161] has derived a theoretical equation to describe the T1 

due to surface diffusion at a fixed distance, z, past paramagnetic sites of density Ne 

(3.12) 

where the spectral density, C(ro), is given by a complicated integral numerically evaluated 

by Neue. Korb et al. [ 162, 163] have made several detailed studies of relaxation in two 

dimensions due to dipolar interactions, which have several qualitative differences from the 

well known features of BPP theory [164]. By relaxation measurements at several fields it 

may be possible to infer the surface diffusion constant. However, in contrast to the low 

field system in the previous chapter, it is very difficult to make accurate spin-lattice 

relaxation measurements with the apparatus described in this chapter. The sample actually 

occupies only a small fraction of the volume of the glassware containing the xenon and thus 

fresh spin polarized xenon can continually diffuse up into the sample region (probed by 

small tipping angle rfpulses) making the T1 appear longer than it really is. 

3.3.3 Molecular Crystals 

Several molecular crystals were studied with some success. The areas are typically 

very low as nonporous crystallites =1 micron in size with densities around lg/cm3 have 

surface areas of ~1m2/g. The samples could be purified to the extent that the T1 was quite 

long (30-60 seconds) allowing a much longer equilibration time than the high surface area 

materials or salts. These material parameters were practically inaccessible to conventional 
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Figure 3.12 Xenon adsorbed on various salts, Tz-120°C. (a) Sodium Chloride (NaCl), 

(b) Pyridine hydrochloride (CsHsN·HCl), (c) Cesium Iodide (Cel). 
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xenon NMR, and are thus their study is of considerable interest. ln particular interaction 

between xenon and large aromatic molecules has been studied theoretically recently [165]. 

Several molecules were studied with polarized xenon with 2,3-benzanthracene being 

studied in some detail [108]. In figure 3.13 spectra are shown for polarized 129Xe in the 

presence of 0.96 g of 1,2-benzanthracene (surface area =0.5 m2fg as estimated by average 

particle size from electron micrographs) at several temperatures. Next to each spectra is a 

schematic picture of the xenon interacting with the surface. At room temperature only a 

narrow peak due to gas phase 129Xe is observed at the same resonance frequency as the 

pure optically pumped xenon gas; at this temperature the average surface residence time is 

so short that rhe interaction is negligible. When polarized xenon gas is admitted to the 

sample at lower temperatures, the residence time goes up. At -115°C, xenon adsorbed onto 

the surface has a resonant frequency which is shifted by 10 ppm compared to the gas peak. 

At -120°C, the peak associated with adsorbed xenon is observed at 32 ppm relative to the 

gas and has a somewhat asymmetric line shape. The chemical shift and line width increase 

with decreasing temperature, indicates a continual increase in the residence time and 

decrease of the mobility of the adsorbed xenon. The line shape of the adsorbed xenon 

signal at lower temperatures may arise from a chemical shift anisotropy on the surface of 

the benzanthracene, but it could not be quantified as the T1 became shorter at the lowest 

temperatures before freezing and the signal-to-noise ratio suffered considerably. Below 

130K, only the signal of polarized solid xenon is detected. Studies of 1,2-benzanthracene, 

which due to different crystal packing has a melting point 150 degrees higher, showed 

slightly different behavior with less broadening at lower temperatures and shorter T1. 

Xenon adsorbed on ferrocene showed results similar to the benzanthracene study. 
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Figure 3.13 Xenon interacting with a typical molecular crystal (2,3-benzanthracene) at 

various temperatures. 
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3.3.4 Graphite 

Xenon interacting with graphite is of considerable interest as it fonns a model 2D 

incommensurate overlayer [166]. The phase transitions in this system have been the subject 

of intense study for the past ten years and a detailed picture of the complex phase diagram 

has emerged [167]. Only two NMR studies of xenon/graphite have appeared in the 

literature [150, 168]. A considerable experimental complication in this system is the almost 

bewildering variety of natural and synthetic, grades and modifications of graphite available 

commercially. Subsequent high temperature annealing can also have a dramatic effect on 

the typical size of the exposed basal planes and the amount of quasi-free electrons bound 

within the planes. We studied PP-100 purified natural graphite (Bay Carbon) after heating 

overnight at 4oo·c under vacuum (<10-5 torr). Degassing at higher temperatures does not 

help as one sample which had been studied before and after heating under vacuum to 900"C 

showed a markedly shorter T 1 after heating due to cracking of the basal planes without 

subsequent reannealing. The EPR spectrum of PP-1 00 showed and intense narrow peak 

due to free electrons, but it was smaller than other samples that were studied, and a weak 

broad ESR line due to a small amount of paramagnetic metals. These were tentatively 

identified as Cu and AI by electron desorption spectroscopy. The lot analysis which came 

with the product showed< 1 ppm of all metals tested for (Cu, Co, Fe). The approximate 

relaxation times for xenon were always >15 seconds giving the xenon time to equilibrate 

with the surface. A summary of the chemical shifts vs. temperature and pressure data is 

given in figure 3.14. It will be shown in the next chapter that increasing pressure at 

constant temperature corresponds to increasing coverage and a theoretical analysis shows 

that the slopes of these lines depend on the mobility of the xenon. The slopes are quit small 

until they undergo a sharp increase between -154·c and 134·c indicative of a large 

increase in mobility. This behavior is in contrast to the polymer data (chapter 4, figure 4.4) 

where the increase in slopes vs. temperature (figure 4.7) is gradual and continuously 
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increasing for the entire temperature range studied. Previous studies of the xenon/graphite 

system have shown that the adsorbed xenon undergoes a solid-fluid phase transition at 

-125·c (and approximately one monolayer coverage). However more data is needed near 

the transition temperature to confirm and quantify (especially with regards to the coverage) 

this change in mobility. 
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Figure 3.14 Xenon chemical shift on graphite vs. pressure at several temperatures. 
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3.3.-5 Polymers 

Figure 3.15 shows spectra of xenon interacting with isotactic polypropylene 

(Aldrich) at temperatures ranging from 72 degrees above, to 76 degrees below, its glass 

• 
transition temperature (Tg=-18.C).in addition to the gas peak. When studied at 54·c 

(3.15a) the xenon peak was narrow (270Hz) and located at 214.5 ppm; this chemical shift 

is clearly consistent with xenon which has dissolved into the bulk of the polymer (cf. 

polyethylene in figure 1.1). At room-temperature (3.15a) a 470Hz broad peak showed up 

at 220 ppm. This trend of decreasing line width with increasing temperature is in agreement 

with the results of Stengle et al. involving xenon in polyethylene [39].At both of these 

temperatures the spin-lattice relaxation time was extremely long (minutes) but no strong 

time dependence could be observed in the spectra. Right at the glass transition temperature 
I 

(3.15c) for this polymer no adsorbed or dissolved xenon was observed, only pure gas. At 

-92"C (3.15d) a strong peak appeared which was 580Hz broad and shifted by 19.8 ppm. 

This xenon has a much weaker interaction with the polymer and is identified with xenon 

which is rapidly exchanging with the gas, while the peak at zero ppm is from xenon gas 

that does not exchange with the surface on the time scale of the AD. The only other 

polymer which was studied above its glass transition temperature was poly(vinylidene 

fluoride) (Tg=-39.C) at 5o·c which showed no dissolved xenon. It is not known what 

governs the transport of xenon into the bulk of certain polymers over others. 

In summary optically polarized xenon can be observed with large sensitivity 

enhancements on a wide range of materials. Some are difficult to study acci.rrately due to a 

short spin-lattice relaxation time, others await a more thorough analysis. The next chapter 

will examine the adsorption phenomenon displayed in 3.15d in great detail. Data set is 

acquired much like that obtained with graphite (chemical shift vs. temperature and 

pressure). This data is then quantitatively analyzed by determining the degree of surface 

coverage·(9) at each data point and interpreting the results with a simple model of 

adsorption and diffusion on the polymer surface. 
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Figure 3.15 Xenon interacting with polypropylene at different temperatures. (a) T=54°C 

(b) T =25°C (c) T=-19°C (d) T=-92°C. P==155 torr for all temperatures. 
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CHAPTER 4 Applications to Polymer Surfaces 

4.1 .Introduction 

In this chapter the techniques and methods of the previous chapter are applied to 

several polymers. In these systems the structure is not as simple as graphite or salts and 

unique considerations such as the surface morphology and solubility of the xenon become 

extremely imponant. The morphology of the surface is extremely difficult to determine by 

any means and is unknown in almost all cases. The hope for xenon NMR is that, under the 

appropriate conditions, it will be able to probe the chemical functionality's exposed on the 

polymer surface. Powdered, amorphous polymers typically have a moderate surface area 

(<15m2/g) and xenon has both a relatively long relaxation time and significant surface 

interaction on many. The results of the previous chapter have shown the dramatic effects of 

both temperature and pressure on the chemical shift of the adsorbed xenon. Here the 

chemical shift of adsorbed xenon as a function of temperature and pressure is shown to 

yield information about the xenon-surface interaction and the diffusion of xenon over the 

polymer surface. The magnitude of the xenon-surface interaction is measured by the 

temperature dependence of the chemical shift extrapolated to zero xenon pressure. This 

allows the extraction of a single chemical shift value characteristic of the surface. From the 

pressure dependence of the chemical shift, a rough estimate can be made of the diffusion 

coefficient of xenon at monolayer coverage. Several polymers have been studied but a 

complete analysis has only been carried through for poly(acrylic acid) (PAA) and 
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poly(acrylonitrile) (PAN). Preliminary results are summarized for a homologous series of 

polymers with the structure -(CH2CHX)n-. In the last section a completely different 

polymer is studied by xenon NMR with and without optical pumping. 

4.2 Experimental Methods 

4.2.1 Procedure. 

Rubidium vapor, with xenon gas added, is optically pumped for approximately 30 

minutes at temperatures between 80 ·c and 120 ·c, so that the adsorption of incident 

pumping light is between 50% to 100%. After pumping, the cell is cooled to approximately 

40 ·c to reduce the vapor pres~ure of rubidium in the pumping cell. The spin polarized 

xenon does not relax appreciably during this cooling period (:::::1 minute). The stopcock is 

then opened and polarized xenon flows (in less than 1 second) up to the sample region 

where it can adsorb onto the sample. To allow the xenon to reach equilibrium after 

adsorption onto the sample, there is typically a delay of 30-60 seconds before acquiring 

data. Spectra are recorded by Fourier transformation of the signal .following a shon 

(typically 45•) rf pulse. 

The equilibration of xenon with the surface was checked in separate experiments by 

applying small tipping angle pulses at 10 second intervals and observing spectra that are 

time independent after several scans. This also allows us to estimate the relaxation time of 

:::::30 seconds at low temperatures. The xenon equilibration was independently checked with 

a sealed sample of treated (see below) poly( acrylic acid) filled with :::::3 atmospheres of 

enriched (80%) 129Xe and :::::100 torr of oxygen to reduce the Tt to <5 seconds. This 

sample was slowly cooled and brought to thermal equilibration at several temperatures that 

were used in the optical pumping experiments. The spectra showed line widths identical 

with optical pumping spectra on the treated polymer. It was shown with several samples 

(e.g. zeolites, carbon black) in the last chapter that when xenon does not reach equilibrium 

with a surface the line width is time dependent and larger than when it is in equilibrium. 
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With the diode laser used for most of these studies, spectra for optically pumped 

xenon gas were obtained with typical signal-to-noise enhancements of about 800 over a 

conventional high-field NMR specuum. Conventional experiments, with signal averaging 

one shot every TI for our pumping period, would achieve an increase in signal-to-noise of 

only 8 and thus would be unable to observe the adsorbed xenon under the conditions of 

this experiment. Adding oxygen as was done in the sealed sample mentioned above would 

increase the rate of signal accumulation, however, it would introduce a contact shift that 

would be difficult to assess on a surface. 

After the data acquisition, the sample is allowed to warm and the xenon is recycled 

by freezing it back into the xenon reservoir (see Figures 3.1 and 3.2) with liquid nitrogen. 

Since the xenon sometimes becomes slightly contaminated during the experiment, the 

xenon is purified before being returned to the pumping cell by first heating it with a small 

amount of rubidium metal in the xenon reservoir. Water and other contaminants react very 

quickly with the rubidium vapor. The xenon must be very pure since the rubidium 

concentration in the pumping cell is only -1 Q-5 torr and a very small amount of contaminant 

will greatly diminish the pumping efficiency. 

4.2.2 Sample Treatment. 

The preparation of a clean surface is a main concern in surface studies. Although 

with powdered, organic materials it is impossible to use the pretreatments employed in 

conventional surface science techniques (annealing, polishing or sputtering), it was 

attempted to treat the samples in a manner consistent with other studies of powdered 

materials. This consisted of evacuation at room temperature or higher to eliminate as much 

as possible, physisorbed molecules such as water or oxygen. Powdered poly(acrylic acid) 

(Aldrich, Milwaukee, WI ) was treated overnight under vacuum at 80 ·c since water 

adsorbs strongly or: this polymer. As discussed below, the surface treatment strongly 

affected the NMR spectra of xenon adsorbed on poly( acrylic acid). The sample was then 



loaded into the probe in a nitrogen filled glove bag and then immediately evacuated to 

below 1 Q-5 torr and stored under vacuum until the xenon gas was introduced. 

4.2.3 Isotherms 

90 

Nitrogen and xenon isotherms were carried out in order to measure the surface area 

and adsorption energy of xenon on poly( acrylic acid) and the BET (Brunauer, Emmet, 

Teller) isotherm [169] gave an excellent fit to the data. The BET isotherm has been 

analyzed and derived from statistical mechanics [ 170] where it was shown that several of 

the assumptions underlying it are rather implausible. However, experirnantally it compares 

favorably to several alternative isotherms [171]. The equation for a BET isotherm is 

V = VmonCX 
(1-x)[ 1 +x(c-1 )] (4.1) 

where V is the volume of adsorbed gas at STP, x=p/p0 is the reduced pressure and V mon is 

the volume that would be occupied at STP by the amount of gas needed to form a 

monolayer on 1 gram of sample. The quantity c is related to the surface adsorption energy 

by the relation 

(4.2) 

where L\Hz is the heat of liquefaction of the adsorbate. Isotherm data were collected on a 

glass vacuum rack using a silicone oil diffusion pump capable of pressures below I0-5 torr. 

For the xenon isotherms conducted at low temperatures, cold temperature baths, such as 

liquid nitrogen/acetone were used. For accuracy, the dead volume measurements using 

helium gas were made at each temperature an isotherm was carried out. A fmal temperature 

correction to STP was made once V mon was calculated. 

As seen in Figure 4.1, the xenon isotherms on poly( acrylic acid) at 144, 148, and 

166 K show characteristic BET behavior. The parameters for the xenon and nitrogen 

isotherms are listed in Table 4.1. Although the surface areas derived from the xenon 

isotherms are slightly larger than those from the nitrogen surface area measurement, the 

adsorption energies for xenon are relatively constant. In order to use the isotherm parameters 
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to analyze our chemical shift data for 129xe on poly( acrylic acid). the values of the surface 

areas were averaged for the three isotherms to determine V mon and a value for c was 

calculated using equation (4.2) for each of the temperatures used in the NMR experiments 

giving ~Hads to be 4.2 kcal/mol. Knowing p0 from saturated vapor pressure measurements 

[ 172], equation ( 4.1) was used to calculate the coverage e. which is equal to V N moo­

Therefore the xenon coverage could be estimated relatively accurately without having to do an 

isotherm at each of the experimental temperatures by assuming Lllfads to be constant. 

gas Temp (K) LlliactsCkcal/mol) area (m2fg) 

xenon 166 4.22 17.2 

xenon 148 4.23 16.7 

xenon 144 4.21 15.7 

nitrogen 77 2.28 14.4 

Table 4.1 Summary of isotherm data for poly( acrylic acid) 

4.3 Results for Poly(acrylic acid) [40] 

As in the case of zeolites, the line shape and chemical shift of adsorbed xenon is 

extremely sensitive to the presence of water on the polymer surface. The large affinity of 

poly( acrylic acid) for water is evident from the spectra shown in Figure 4.2 of xenon 

adsorbed onto samples which received different pretreatments. Figure 4.2a shows the 

spectrum of xenon adsorbed onto a sample that had been evacuated at room temperature for 

two hours. The line width is very large, over 100 ppm, indicating that the xenon 

experiences a variety of environments on the surface that are not averaged over the NMR 

timescale (- 10-6 s). In contrast, a relatively narrow resonance is observed for a 

poly( acrylic acid) sample which had been heated under vacuum at 80 OC overnight. This 
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Figure 4.1 BET isotherms of xenon on poly(acrylic acid) at 144K, 148K, and 166 K. 

Lines connect the points to guide the eye. 
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Figure 4.2 129Xe NMR spectra of xenon adsorbed at -140 C onto poly(acrylic acid) that 

had been evacuated previously (a) at room temperature for several hours and 

(b) overnight at 80 OC. 
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treatment produces a much more homogeneous surface as evidenced by the xenon line 

shape. In Figure 4.2b, the chemical shift of xenon on the heat treated polymer is 136 ppm, 

which corresponds to the high frequency edge of the broad resonance on the sample 

evacuated at room temperature. This distribution of lower chemical shifts probably results 

from a mediation of the xenon-surface interaction by the surface water. It is also observed 

that the xenon relaxation time is considerably shorter on the hydrated surface, which makes 

the experiment difficult to perform under equilibrium conditions. The increase in the xenon 

relaxation rates may be due to additional fluctuating proton-xenon dipolar interactions with 

mobile surface water. This trend is in contrast to that of xenon adsorbed into NaY zeolite in 

which the relaxation rate is found to decrease with increasing water content [ 173 ]. 

In Figure 4.3, the NMR spectra of optically pumped 129Xe adsorbed onto 

poly( acrylic acid) at different temperatures show a peak at 0 ppm due to xenon gas and 

peaks at higher chemical shifts due to adsorbed xenon. The spectra are quite different from 

those of an earlier study of xenon adsorbed on benzanthracene [108] in two ways. First, at 

room temperature, there is already a distinct peak at 3 ppm for adsorbed xenon which is not 

observed in the case of benzanthracene. This is due to both the higher surface area of the 

poly( acrylic acid) ( -15 m2fg) over that of benzanthracene ( -o.5 m2fg) which increases the 

probability of finding xenon at the surface, and to a stronger xenon-surface interaction as 

manifested by the larger chemical shifts observed on poly( acrylic acid) at low temperatures. 

Second, the line widths of the spectra are narrower than for xenon on benzanthracene, due 

either to a higher smface mobility, or to a more homogeneous surface. 

The full data set for the chemical shift of xenon adsorbed on poly( acrylic acid) is 

given in Figure 4.4 as a function of temperature and pressure. As the temperature is 

lowered, the chemical shift of the adsorbed xenon increases fairly rapidly. The variation of 

the pressure dependence of the adsorbed xenon shift with temperature is even more 

pronounced, as seen by the sharp increase of the chemical shift slopes at the lower 

temperatures. 
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Figure 4.3 Representative NMR spectra of xenon adsorbed onto poly( acrylic acid) at 

various temperatures and pressures: (a) T = 299 K, P = 30 torr; (b) T = 173 K, P = 20 torr; 

(c) T = 153 K, P = 10 torr; and (d) T = 123 K, P = 2 torr. 
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Figure 4.4 129Xe chemical shifts (ppm) of xenon adsorbed on poly( acrylic acid) as a 

function of pressure at the different equilibrium temperatures measured. The shifts are 

referenced to xenon gas at zero pressure. Lines connect the points at each temperature to 

guide the eye. 
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4.4 Theoretical Discussion 

The large temperature and pressure dependence of the adsorbed xenon can be 

understood in terms of the xenon sticking time and diffusion on the polymer surface. Since 

the gas peak does not shift appreciably with temperature, the two observed resonance's do 

not represent xenon simply exchanging between a pure gas phase and an adsorbed phase. 

Instead, the xenon resonances reflect the two different regions which are present in the 

sample volume. First, there is the relatively isolated xenon in the gas phase with a chemical 

shift of 0 ppm. At room temperature, this is a sizable fraction of the xenon, but as the 

temperature is lowered, this fraction diminishes until about 130 K where the gas signal is 

no longer observed. The other fraction of xenon is in contact with the sample and is rapidly 

exchanging between the gas phase and the surface-adsorbed phase so that its chemical shift 

reflects an averaging of the xenon over the different environments. 

The chemical shift of dilute xenon gas is given [174] by a virial-type expansion 

o(T ,p) = <J0 (T) + a1 (T) p + a2(T)p2 + ... (4.3) 

where the a(T) are the virial coefficients of the nuclear shielding. Likewise, the chemical 

shift of xenon in contact with the polymer surface can be written in terms of a pure xenon­

surface term, a 05(T), and a surface xenon-xenon interaction, <Jts(T) 

(4.4) 

where Psis the probability of finding xenon at the surface and 8 is the coverage in 

monolayers. The (P5)2ats8 term is due to the xenon-xenon collisions which occur at or 

near the surface and gives rise to the observed slope of the chemical shift as a function of 

pressure or coverage. Fraissard has shown that the large adsorption energy in zeolites leads 

to an effective pressure of xenon that is quite high, resulting in many xenon-xenon 

collisions [32] and observes a linear dependence of chemical shift on pressure in NaX 
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zeolite. In our experiments the xenon chemical shift on poly(acrylic acid) also appears to be 

a linear function of the pressure at all temperatures. Therefore only the binary collisions 

appear to be important at the xenon coverages studied and the 0'2s and higher order terms 

can be neglected. In addition, the pressure dependence of the xenon chemical shift on 

poly( acrylic acid) increases dramatically at lower temperatures. 

To analyze the latter effect, xenon isotherms were used to convert the temperature 

and pressure data to xenon coverage's. The chemical shift as a function of the coverage, 9, 

covers a range from 0.03 monolayers to about 1.5 monolayers of xenon on the polymer 

surface and is displayed in Figure 4.5. The chemical shift is found to be a linear function of 

coverage, although the slopes increase more modestiy than in the pressure dependent plot. 

The slopes range from 11 ppm/monolayer at -81 °C, to about 70 ppm/monolayer at -142 

OC. The slopes and intercepts of the data in Figure 8 can be analyzed in terms of a surface 

residence probability and the xenon-xenon chemical shift temperature dependence, as 

derived by Jameson and co-workers [174] and extrapolated to our experimental conditions. 

The chemical shift intercepts of the adsorbed xenon resonances (that is, excluding 

xenon-xenon interactions) can be modeled as a chemical exchange problem such that the 

chemical shift consists of surface and gas (Og) contributions, which are weighed by the 

probabilities, Ps and Pg. of finding xenon in each phase, 

(4.5) 

where Ps + Pg = 1. However, Og is our reference defined to be zero, so, 

cS = O'osPs (4.6) 

The probability of finding a xenon atom at the surface is given by, 

(4.7) 
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Figure 4.5 129Xe chemical shifts (ppm) as a function of the equilibrium temperature and 

coverage (in monolayers). Lines represent linear least squares fits to the data at each 

temperature. 
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-
where 'ts is the sticking time, and 'tv is the reciprocal of the collision rate with the surface. 

The average sticking time at the surface is given by 

Llli ·'k1 't='te ~ s 0 (4.8) 

where 'to is the pre-exponential factor which is taken to be w-12 sec [ 17 5] and .Mlads is the 

energy of adsorption. Using the adsorption energy calculated from the xenon isotherms, 

4.2 Kcal/mole, it is calculated that the sticking times range from =l0-9 sat room 

temperature to = 1 o-5 s at 130 K. The chemical shift extrapolated to zero pressure can thus 

be fit to a function of the form of equation (6) where P5 is given by 

(4.9) 

by substituting equation (4.8) into equation (4.7). Although it is not possible to separate the 

variables 'to and 'tv in the fit, with L~Hads = 4.2 Kcal/mole and choosing 'to = I0-12, it is 

determined that 85 = 95 ppm and 'tv = 3 x I0-8 s. The chemical shift intercept data fitted to 

equation (4.9) are given in Figure 4.6. The contribution to the chemical shift due to the 

xenon-surface interaction is therefore 95 ppm, a value somewhat larger than 86 ppm 

rp.easured for xenon in NaY zeolite at 144 K.[ 176] In view of the much smaller heat of 

adsorption of xenon on the polymer as compared to a zeolite, this large value for 85 is 

surprising. However for NaY 85 increases from 58 ppm at room temperature, to 86 ppm at 

144 K, the only low temperature measured, so it may increase further at even lower 
\ 

temperatures. In addition, it is difficult to compare our results for the xenon/polymer 

system to the small body of low temperature xenon shift data which has been measured for 

porous materials since the xenon shift is also highly sensitive to the morphology of the 

sample. Several studies have shown that a large value for 85 on a sample with a small heat 

of adsorption can be due to the surface structure. For example, Cheung found that although 

the adsorption sites in the amorphous silica-alumina mixtures [177] are much weaker than 

in NaY zeolite, the zero pressure xenon shifts are much larger, greater than 120 ppm at 
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Figure 4.6 129Xe chemical shift intercepts, Os (ppm) versus temperature. The solid line is 

the fit to the data using equation (4.9) described in the text. 
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144K. This behavior may be due to a broad distribution of micropores in these amorphous 

samples and the fact that the 129Xe chemical shift is inversely proportional to the pore size. 

Fraissard and co-workers obtained similarly large xenon shifts for a material consisting of 

agglomerated silica spheres [ 178] although the pores sizes are an order of magnitude larger 

than those in zeolites. In this case, the large chemical shifts are anributed to rapid exchange 

between the inter-porous xenon atoms and xenon adsorbed into confined spaces at the 

points of contact between the silica spheres. From the observed BET behavior of the xenon 

isotherms on poly( acrylic acid), it is surmised that this polycrystalline polymer is not 

microporous like amorphous silica. Thus the chemical shift is due to xenon interacting with 

surface functional groups, however, the possible existence of some type of surface 

microstructure cannot be completely ruled out as responsible for the relatively large xenon 

shift at low coverages. 

The 129Xe NMR data also contains information about diffusion of xenon on the 

surface. This is extracted from the coverage dependence of the adsorbed xenon chemical 

shift which arises from the xenon-xenon interactions at the polymer surface as given by the 

second term in the virial expansion (4.4). Taking the derivative of equation (4.4) gives 

( 4.1 0) 

which is the slope of our chemical shift data (Figure 4.5). As an approximation, cr15(T) can 

be related to the second viral coefficient of the nuclear shielding, cr1 (T), as defmed by 

Jameson, [174] which determines the contribution to the gas phase shift due to Xe-Xe 

collisions. For all gases, cr1 (T) has been found to have the same sign since the gas phase 

intermolecular interactions always result in a net deshielding of the nucleus. In xenon, 

however, this parameter is unusually large, ranging from 0.75 to 0.1665 ppm/amagat 

between 240 K and 440 K. These values must be extrapolated down to our temperature 

range, about 130 K. In order to relate the gas phase Xe-Xe interactions to a surface 

interaction, it will be assumed that the nature ofthe pair-wise collisions is not greatly 
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changed by the presence of a surface. This of course is not strictly correct (in fact, the 

possibility of forming Xe-Xe bonds on a strongly adsorbing surface, palladium metal, has 

even been explored theoretically) but it is reasonable to assume that a weakly adsorbing 

surface such as a polymer will not greatly penurb the xenon-xenon interactions. However, 

the contribution to the shift due to the xenon-xenon interactions also depends on the 

collision rate, which will be very different on a surface. In the gas phase, the collision rate 

is given by 
-z 

1 - Vg - = [Xe]O'xeVg = 
30 tc g 

(4.1i) 

-
where [Xe] is the xenon concentration, Vg is the average relative velocity, axe is the binary 

collision cross section (23 A2 for xenon), and Dg is the gas diffusion constant. The average, 

relative velocity is Yg = v16kT!mn. On a surface, a similar expression is given for the 

collision rate 
-z 

1 - v 
--8~v --5

-- vs s-
tsc 2Ds 

(4.12) 

where 8 is the coverage, Ds is the surface diffusion constant, ~ is the surface velocity, and 

the units of 8 and cr5 are now cm-2 and em. Since at monolayer coverages there will be two­

dimensional diffusion on the surface, the constant is 112 instead of 1/3 in the expression foF 

1/tsc· With the assumption that the xenon-xenon interactions only differ due to the collision 

rates in the two phases, the known gas phase coefficient is scaled by the ratio of the two 

rates 

(4.13) 

The equation for the coverage dependence of the adsorbed xenon chemical shift can now he 

rewritten using equations (11) and (12) for the collision rates 

( 4.14) 
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Figure 4.7 129Xe chemical shift slope (ppm/monolayer) versus temperature fitted to the 

data using equation (4.14). 
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The chemical shift slope data of Figure 4.5 can be fit to this expression in order to extract a 

value for the diffusion coefficient. The coverage, 8, on the right side of equation (4.14) is a 

constant, not a variable since <11 (T) is determined at a constant pressure. Ds will be 

evaluated at a coverage of 1 monolayer, so that 8 = 1/23 A.2. All of the parameters in 

equation (14) are known, with the exception of P5, which is found from a fit to the 

chemical shift intercepts in Figure 4.6, and <11 (T) which is extrapolated from the gas phase 

data in reference [174], and Ds which is to be determined. 

The xenon chemical shift slopes fit to equation (4.14) are presented in figure 4.7. 

Although there is some scatter, it is apparent that a simple linear fit would be inadequate to 

describe the data. The pressure dependence should tend to zero at the higher temperatures 

where the xenon spends little time at the polymer surface and the slope should be merely 

the room temperature value of the second viral coefficient, 0.548 pprnlamagat. By 

substituting in values for <1s (8.8 A.) and 8 ( 1123 A.2), the value of Ds is found to be 3.3 X 

I0-5 cm2s-1. 

By including a second parameter into the fit, an Arrhenius form, 

(4.15) 

the temperature dependent diffusion coefficient could be determined. However, the quality 

of the fits did not allow us to determine Ediff. This probably due both to the fact that there 

was already an exponential temperature dependence in the fit of the chemical shift slopes as 

well as an underestimate of the second viral coefficient of the nuclear shielding, at lower 

temperatures where the data of Jameson et al. had to be extrapolated more than 100 "C. In 

light of the small energy of adsorption for xenon on the polymer, however, the temperature 

dependence of the diffusion may be relatively small. In general Ectiff is expected to be 10-20 

%of the adsorption energy, [175] which is 4.2 Kcal/mol for xenon on poly(acrylic acid) 

and would lead to a decrease of the diffusion constant only by a factor of two over the 

temperature range studied. It is also worth noting that the value of Ds calculated from this 
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method is comparable to the diffusion coefficients of methane ananeopentane on 

graphitized carbon measured by pulsed linear field gradient methods [179]. For example, at 

a coverage of one monolayer at 85 K , Ds = 5 ± 2 x IQ-5 cm2fs for methane on graphitized 

carbon black and Ds = 3.0 ± 0.5 x I0-5 cm2fs at 228 K for neopentane at a coverage of 

1.25 monolayer on the same substrate [180]. 

4.5 Summary 

The chemical shift extrapolated to zero coverage indicates a surprisingly strong 

interaction between xenon and poly(acrylic acid), which may be due to the polar carboxylic 

acid functional groups at the polymer surface. These chemical shuts are less than those 

observed for xenon occluded into polymers such as polyethylene (198 ppm) [39] or in 

polymer blends (192- 215 ppm) [181]. The dynamical parameters extracted from our 

analysis of the chemical shift behavior of xenon in contact with poly( acrylic acid) indicate 

that the xenon is still highly mobile on the polymer surface at the lowest temperatures 

measured. The ditTusion constant estimated for xenon on poly(acrylic acid) is similar to that 

of small molecules on graphite. From the value of the diffusion coefficient and assuming 

Fick's law, the translational correlation time tt is of the order =I0-10 sec. The efficiency of 

cross polarization deteriorates with increasing molecular motion. In a theoretical study of 

the effect of molecular motion on lH- 13C cross polarization, Schulze et al. [182] found 

that the efficiency of magnetization transfer decreases dramatically for motional correlation 

times shorter than- 10-5 sec. Thus the data indicates that lower temperatures will be 

necessary before cross polarization experiments between the polarized xenon and the 

surface spins can be attempted on this system. 
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4.6 PAN and other Polymers 

Experiments analogous to those for poly(acrylic acid) were carried out on 

poly(acrylonitrile), which has a very polar side group. The surface area of the powdered 

polymer obtained by nitrogen BET isotherm analysis is 6.9 m2fg, but after sieving through 

a 300 mesh (0.0018" opening) sieve, it increased to 18.2 m2fg. The heat of adsorption for 

xenon was 3.96 kcallmole, similar to poly( acrylic acid). The results of the chemical shift 

versus temperature study are shown in figure 4.8a. Transforming from pressure to 

coverage through the use of BET isotherm data leads to the plot in figure 4.8b. The results 

are quite intriguing- the intrinsic ~hemical shift i!> much larger than poly( acrylic acid), 120 

ppm vs. 95 ppm. On the assumption that the morphology of the surface is similar in these 

two systems (admittedly, a completely untested assumption) the larger chemical shift could 

be due to the much larger polarity of the cyano group vs. the carboxylic acid functional 

group. 

Further partial studies of poly( vinyl chloride), poly(vinylidene fluoride), 

polypropylene, and Teflon were also undertaken. The intrinsic chemical shift of the xenon 

on the surface could be determined from the pressure data and no further analysis was 

done. Some of this data is shown in figure 4.9 and the chemical shift results are 

summarized in table 4.2. 
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Figure 4.8 Summary of chemical shift study of xenon on poly(acrylonitrile). (a) Chemical 

shift as a function of the measured parameters. (b) Chemical shift vs. coverage. Both show 

least squares fits to the data. 
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Polymer BET Surface Area (m2fg) Chemical Shift (ppm) 

poly(acrylic acid) PAA 16.0 95 

poly(acrylonitrile) PAN 18.2 120 

poly(vinyl chloride) PVC 6 25 

poly(vinylidene fluoride) 15.4 78 

Teflon 8* >50 
*DuPont product mformauon 

Table 4.2 Summary of xenon chemical shifts on selected polymers 

Several polymers with simple structures such as polyethylene could not be studied due to 

short xenon spin-lattice relaxation times or the inability to obtain the polymer in fmely 

powdered fonn. The results are sketchy, however, this work represents the tirst tenuous 

step towards being able to empirically correlate the chemical shift of adsorbed xenon with 
" 

the chemical entities exposed on polymer surfaces. 

4. 7 Studies of Poly(triarylcarbinol) "White Carbon Black" 

This polymer was recently synthesized at DuPont by Owen Webster and co­

workers [183]. It has the amazing property of possessing a surface area around 1000 m2fg 
_/ 

which is unprecedented in an organic system. As it is characteristically white in appearance 

and yet has the surface area of carbon black (activated charcoal), it has been referred to by 

its synthesizers as "White Carbon Black" (WCB). The chemical structure is shown in 

figure 4.10. It is a rigid-rod polymer that is hypercrosslinked (one cross link for every 

monomer unit). While it is microporous like a zeolite, it is amorphous and thus has a broad 

distribution of pore sizes, with an average of ==30A as detennined by mercury porisometry 
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Figure 4.10 Structure and xenon chemical shift in poly(triarylcarbinol). 
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(F. Gentry personal communication). Xenon is much more sensitive than porisometry 

measurements to small pores. A simple pressure vs. chemical shift experiment was done at 

room temperature which is shown in figure 4.1 0. The intercept is 120.1 ppm, indicative of 

fairly small cages according to empirical correlations which have been developed, although 

one must be very cautious in using these types of correlations [184]. The pressure 

dependence is linear up to about 600 torr where it begins to show some curvature, in 

contrast to the strictly linear behavior seen in most zeolites (with monovalent cations). 

In a sealed sample with about 2 atmospheres of xenon the line width at room 

temperature is only 300Hz, showing the xenon to be highly mobile. Upon cooling the 

chemical shift varies only slightly increasing to 149 ppm at 95K, but the line width 

increases dramatically below -13o·c reaching 4.5 kHz at 95K (figure 4.11 ). Here the 

motion of the xenon is clearly being quenched. In this regime it is clear that the xenon is not 

rapidly averaging over many cages and thus may be expected to have a non zero average 

coupling with the protons in the pore where it is trapped. Decoupling experiments showed 

no apparent narrowing of the line width and so much of the broadening is due to a 

distribution of chemical shifts. Nonetheless proton to xenon cross polarization experiments 

were successful. The cross polarized xenon spectra showed the characteristic exponential 

growth due to polarization transfer followed by the exponential decay due to spin-lattice 

relaxation of protons in the rotating frame (figure 4.12). The optimum transfer time was 

determined to be 5 msec at -168·c. 
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Figure 4.11 Xenon spectra in a sealed sample of WCB at (a) 300K (Line width=300Hz) 

and (b) 95K (Line width=4500 Hz). 
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The sealed sample in all of the above studies was slowly cooled in the probe 

(typical cooling rates were 0.2./second below -lOO.C) and allowed to equilibrate for 5 

minutes or more at the final temperature. When optical pumping experiments were started 

on this material the xenon was introduced quickly at the fmal temperature and the spectra 

acquired a few seconds later. The first such experiments showed a line with a chemical 

shift much larger than that shown in figure 4.13 below. Eventually a procedure was 

adopted of loading some xenon at room temperature and adding the rest at the final 

temperature before performing conventional xenon NMR experiments. This lead to spectra 

with two peaks, one around 150 ppm (the "equilibrium sites") and another at a higher, 

temperature dependent, chemical shift.(the "nonequilibrium sites"). When the xenon was 

added at the coldest temperature and allowed to warm slowly, the high frequency peak 

moved over to eventually coalesce with the low frequency peak at -12o·c as shown in 

figure 4.13. This coalescence was found to be irreversible, i.e. recooling the sample did 

not result in the return of a second peak. 

It was found that both peaks could be cross polarized from the protons with the 

optimum contact time the same for the two sites. Thus the average dipolar coupling must be 

the same if the proton Ttp is assumed to be homogeneous within the sample. The Tt data 

for the xenon, however, showed a very distinct difference (figure 4.14). A quantitative fit 

to the integrated areas of the peaks (figure 4.15) shows that the low frequency 

(equilibrium) peak relaxes with a time constant almost twice as long (24.0 s) as the high 

frequency (equilibrium) peak (12.5 s). From the fact that the optimum contact times with 

protons are the same one is lead to believe that the heteronuclear dipolar coupling is not the 

primary cause of relaxation, leaving fluctuating chemical shift anisotropy as the most likely 

source. 
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Figure 4.13 Two-site xenon spectra in WCB at various temperatures. 
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Figure 4.14 Representative spectra of inversion-recovery xenon T1 measurement in WCB 

at -168 ·c. 



~1 00000 -·-= = 
~ 
~ - 10000 ·--e 
fU -
~ ·-fl.) = 1000 QJ -= -

100 

0 10 20 

• down field peak 

• up field peak 

• 

30 
Tau (sec) 

40 

Figure 4.15 Fits to the xenon inversion-recovery measurements. 

Tt 

12.5sec 

24.0sec 

• 

50 60 

A tentative model of the WCB to consistent with all of this behavior is now 

presented. A distribution of pore sizes undoubtedly exist inside this material. Within a 

given material it is clear that the chemical shift of xenon is inversely proportional to pore 
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size and thus the high frequency peak corresponds to smaller pores. Since it appears that 

these are not the thermodynamically favored binding sites the xenon apparently becomes 

kinetically trapped at these sites when introduced to the polymer at low temperatures. This 

may indicate a high proportion of small pores near the surface of the particles. As the 

polymer is warmed the increasing thermal energy of the xenon allows it to diffuse slowly 

through a series of quasi-equilibrium sites of gradually larger pore size until it reaches the 

equilibrium sites. Why the distribution should remain sharp during this process is not at all 

clear and this question can only be addressed through further studies involving well 

characterized changes in the structure of the polymer itself. A study such as this with 



different surface areas of WCB, or structural modifications, would be the most 

straightforward way to accomplish this. 
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Finally, the experimental fact that the xenon is in dipolar contact with the protons 

even when it is introduced rapidly at low temperatures is quite useful. These are the 

conditions under which the optical pumping experiments are done. By the principle of 

microscopic reversibility, if the polarization can transfer in one direction it can transfer in 

the other direction -- if the temperatures of the two spin systems are appropriate. Since the 

laser polarized xenon is at a spin temperature of about 3mK (as shown in chapter 3) it ca.1 

enhance the polarization of any nucleus that it can exchange energy with under normal 

conditions. This idea will be explored in detail in the next chapter. 



CHAPTER 5 

5.1 Introduction 

Polarization Transfer Experiments 
using Laser Polarized Xenon 
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Polarization transfer is ubiquitous in NMR. From pulsed coherence transfer 

sequences in liquids to low temperature dynamic nuclear polarization, techniques that 

involve a transfer of spin order have benefited NMR in many ways. A simple yet powerful 

demonstration of sensitivity improvement involving proton to xenon magnetization transfer 

is shown in figure 5.1. This clathrate compound was originally studied using 129Xe NMR 

by Ripmeester [33]. Figure 5.la shows the simple 129Xe pulse-acquire spectrum that must 

be recycled at the T1 of xenon, which is 12 minutes in this compound at room temperature. 

A dramatic enhancement is apparent in figure 5.1 b, obtained with an adiabatic cross 

polarization sequence and lH decoupling. This spectrum shows higher signal-to-noise after 

much less acquisition time (8 minutes vs. 8 hours!) since it is recycled at the T 1 of the 

proton spins (1 minute). Clearly a great advantage exists when the spin species of interest 

has a long spin-lattice relaxation time or a low concentration. 

There is another important feature of polarization transfer experiments. If the 

polarization can be transferred from one species to another there must exist a coupling 

between the two species, and therefore they must be in close spatial proximity on a 

molecular level. This fact has been exploited by several workers studying surfaces and 
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Figure 5.1 (a) Repetitive pulse-acquire 129Xe spectra of Xe/~-quinol clathrate. NA=40, 

PD=12 min. (b) Adiabatic cross polarization spectrum of xenon with proton decoupling. 

NA=8, PD=l min. 
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interfaces to discriminate against bulk nuclei. Maciel and co-workers have used surface 

hydroxyls on various Aerosils to cross polarize selectively to 29Si at the surface [185]; in 

combination with magic angle spinning several sites have been identified that are distinct 

from the bulk. Walters, Turner and Oldfield [186] have studied surface hydroxyls 

performing cross polarization to 17Q and measuring strength of the quadrupolar interaction. 

Zumbulyadis and O'Reilley have examined a polymer-silica sol-gel interface by measuring 

the dynamics of polarization transferfrom lH on poly(vinyl alcohol) to 29Si nuclei [187]. 

Dynamic nuclear polarization has also been used to selectively enhance nuclei at polymer 

interfaces [188]. 

Several transfer schemes will be discussed in this chapter with an emphasis on their 

potential utility with laser polarized xenon. There are several complications that the optical 

pumping experiment imposes since xenon is polarized in the gas phase and must be 

subsequently brought into contact with the sample. Although a single monolayer of 

adsorbed xenon formed in the polymer experiments in the last chapter (cf. figure 4.5), the 

xenon was highly mobile on those surfaces at the temperatures studied. Simply lowering 

the temperature resulted in the formation of bulk frozen xenon where most of the spins are 

not in close contact with the surface. Several schemes were attempted involving buffer 

gases and/or rapid temperature jumps to induce the xenon into an immobile state on the 

surface, but were unsuccessful. At present this is the most severe limitation on using laser 

polarized xenon as a magnetization source. The actual experimental results discussed below 

represent particular systems where his problem could be overcome. 

Assuming the appropriate coupling is present, one must then match the energy 

levels of xenon with the target nucleus to allow rapid equilibration of the two spin systems. 

This is not a requirement for all experiments (such as polarization transfer through the 

dipolar reservoir which only requires adiabatic demagnetization/remagnetization), however. 

it provides a convenient framework for the following discussion of polarization transfer 

experiments. 
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5.2 Thermal Mixing in Low Field 

The simplest possible scheme for matching the energy levels of xenon with another 

nucleus is simply to remove the external magnetic field. In this state the Zeeman interaction 

that differentiates between the spins is absent and all the spins can mix via the dipolar 

interaction and will reach a common spin temperature [13, 189]. If the external field can be 

reapplied before spin-lattice relaxation destroys the polarization, the spins coupled to the 

xenon will be observed with high sensitivity. This section will demonstrate the use of this 

effect using 13C labeled carbon dioxide occluded in frozen laser polarized xenon. 

5.2.1 Theory 

The theory can be described using a simple density matrix treatment following 

Goldman [13]. Initially the 129Xe (the I spin) and the 13C (the S spin) are at a field strength 

much larger than the local dipolar field and the density matrix of the system is given by 

(5.1) 

Here the two spin systems are initially at different (inverse) spin temperatures, a and 8, 

since the C~ is at the lattice temperature and the xenon is prepared by optical pumping at a 

spin temperature of a few millikelvin (cf. section 3.1.1). The dipolar couplings have been 

neglected in the density matrix since the polarization transfer can occur at a field strength 

much larger than the local fields (demonstrated below) where the heat capacity of the 

dipolar couplings can be neglected compared to the heat capacity of the Zeeman terms 

[ 189]. During the time that the external field is low enough for overlap of the resonance 

lines of the two spin systems, they evolve towards a common spin temperature. The 

system reaches a fmal density matrix of the form PH: 

(5.2) 

pis determined by conservation of energy. The system evolves at constant energy 

(assuming the time is short compared to the relevant T1's) which may be expressed as 
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Tr(pinirialH) = Tr(p final H) = f3Tr(H 2
). (5.3) 

Solving this for J3 results in 

(5.4) 

(The traces are easily evaluated by noting that all traces linear in either lz or Sz are zero.) 

This can be concisely rewritten by dividing through by the first tenn in the denominator 

leaving an expression involving only the initial spin temperatures of the two systems and 

the ratio 

(5.5) 

which is the ratio of the heat capacities of the two spin systems. The fmal spin temperature 

is therefore 

f3 =a+ 8p. 
1 + J1 

(5.6) 

In the current experiment the initial condition of the S spins (BC) was essentially zero 

polarization (infinite spin temperature), 8=0, and the ratio of heat capacities is ~=1.2 for a 

solid mixture containing equal numbers of 129Xe and 13C nuclei in dipolar contact. Thus 

equation 5.6 predicts f3=a/2.2, or that the fmal magnetization of the Be spins is related to 

the initiall29Xe magnetization by just M{ = M~e I 2.2. 

5.2.2 Experimental 

The low field glassware described in section 3.1 is mounted on a laser table in the 

same room as the superconducting magnet. It is slightly modified by connecting it to an L­

shaped NMR sample tube located inside a pair of Helmholtz coils. The experimental timing 

sequence is shown in figure 5.2. Approximately 2000 torr cc of enriched (80%) xenon gas 
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is pumped at 105 OC in a magnetic field of 25 G. The enriched gas is especially important in 

this experiment as it contains only 1.3% 131Xe. Cross relaxation from 131Xe has been 

shown to be the dominant relaxation mechanism for 129Xe at low temperature below 1000 

G [190]. The polarized xenon is then combined at room temperature with 500 torr·cc 

(approximately 1QI9 molecules) of 99% enriched l3C(h (Isotec Inc.). After mixing for 

about 45 seconds the mixture is rapidly frozen into the sample tube, which is immersed in 

liquid nitrogen. During the freezing process, a static field of 150 G is applied to lengthen 

the spin-lattice relaxation time of the 129Xe (which was estimated to be 15 seconds in zero 

field). The cross relaxation is accomplished by rapidly switching the field to a value Bmix 

for a duration -rmix and then returning to 150 G. The sample is then removed from the 

liquid nitrogen bath and immediately transported to a field of 4.2 T for conventional high 

field Be NMR detection using a chemical shift echo sequence. Similar enhancement resultc; 

are obtained for values of (Bmix· -rmix) = (0.1 G, 200 ms), (1 0 G, = 1 s), (35 G, = 10 s) and 

Xe: Bco2 ratios of 6:1, 4:1. 1:1, and 1 :4. 

5.2.3 Results [ 1 9 1] 

The enhanced spectrum of the 4:1 solid mixture is shown in figure 5.3a obtained 

with right circularly polarized light. As a frequency and sensitivity reference, the 

conventional NMR spectrum of gaseous 13C02 at 300K for a similar number (=5x1Ql8) of 

molecules is shown in figure 5.3c. The chemical shift of 124.6 ppm is referenced to an 

external standard of liquid TMS. The measured values of the chemical shift tensor are 

crJ. = 232.8 ± 2.3 and cr11 = -82.5 ± 2.3 ppm, extracted from the fit to the spectrum with 

the best signal-to-noise ratio, differ slightly from the values crJ. = 245 and Oj1 = -90 ppm 

reported by Beeler et al. [ 192] for C02 in a methane doped argon matrix at 20 K. The 

smaller anisotropy in the xenon matrix is almost certainly due to greater motion of the C02 

at the higher temperature in the low field mixing experiment 



127 

By comparing the integrated intensity of the laser-enhanced signal with the 

reference, an estimated enhancement factor of 250 is obtained in the best signal achieved, 

when corrected for differences in the number of spins. Since the xenon enhancement is 

approximately 18,000, which corresponds to a xenon polarization of 10%, equation 5.6 

predicts a magnetization of about one half the xenon magnetization or== 8,000. However 

the enhancement estimate does not account for the possibility that only a fraction of the of 

the total number of C02 molecules are in contact with the polarized xenon. This raises the 

question of the degree of dispersion of the C02 in the frozen xenon. The solid mixtures 

were prepared by opening a stopcock separating the two gases waiting about half a minute 

and allowing them to expand into the precooled sample region. No special measures were 

taken to confirm that a homogeneous matrix had been formed. 

The spectrum in figure 5.3b demonstrates the inversion of the NMR signal 

occurring when the helicity of the pumping light is reversed. The population inversion may 

be interpreted as a reversal in the sign of the spin temperature and absolutely confirms that 

the magnetization source of the Be is the xenon (whose magnetization source is the 

rubidium electron, polarized by the light). Negative spin temperatures correspond to 

emissive NMR signals as illustrated in figure 5.3b. 

It was attempted to study some other small molecules such as acetylene and 

trichloroethylene, with no success, probably due to the short T1 of protons in low field. 

Low field mixing experiments with labeled carbon monoxide also did not work because it 

freezes out at ==95K and did not condense fast enough in the liquid nitrogen to occlude in 

the rapidly freezing xenon. Thus, while attractive in its experimental simplicity, low field 

mixing appears to be rather limited in applicability. 
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Figure 5.3 High field NMR spectra of Bco2. (a) o+ pumping light 

(b) cr- pumping light (c) reference spectrum of 13C02 gas. 
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5.3 High Field Cross Polarization 

The existence of cross relaxation and some of its implications were first discovered 

by Bloembergen and Pershan [193, 194] in 1959. However it was not until the pioneering 

paper of Hartmann and Hahn [10] that the possibilities for sensitivity enhancement in NMR 

were first realized. They made the fundamental discovery that matching energy levels of 

any two nuclei can be done in high magnetic field where the Zeeman splinings can be vastly 

different. It is done in the "doubly-rotating frame" with two resonant rf fields whose 

magnitudes are determined by the matching condition 

(5.7) 

In the original experiment the resonance of an insensitive nucleus I (either due to a low 

gamma or low isotopic abundance) was detected by its effect on an abundant and easily 

observed nucleus S. Namely the magnetization of the abundant species was reduced when 

the appropriate matching field was applied to the other nucleus. This leads to high 

sensitivity but it is a very slow experiment as the spectrum must be mapped out point by 

point in the frequency domain. An improvement over this was discovered by Pines et al. 

[11] who introduced the idea of directly observing the insensitive nucleus in the time 

domain, a technique which is now called "cross polarization" or CP for short. This 

experiment allows all the advantages of fourier spectroscopy [60, 195] to be exploited as 

the entire spectrum is obtained in one shot. The signal to noise per unit time that can be 

achieved is a very significant improvement over direct signal averaging since the 

experiment can be recycled at the T 1 of the abundant species, usually much faster than a 

rare isotope. The matching field of the protons can also be left on to achieve decoupling 

during the acquisition phase leading to resolution enhancement. The actual dynamics 

underlying the transfer at the quantum mechanical level are quite complicated [196, 197] 

and will not be giscussed here. It is sufficient to note that an equilibrium is typically 
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approached exponentially in a time on the order of the inverse dipolar coupling. There are 

many possible variations on this experiment, for example, if the Tip is long enough, the 

contact can be reestablished immediately after signal acquisition for another cross 

polarization period (see figure 5.4). Instead of cross polarizing directly to the rare spins, 

the dipolar reservoirs may be utilized to perform an adiabatic transfer of polarization, the 

most efficient transfer theoretically possible. (Recently slightly more stringent quantum 

limits have been suggested for the cross polarization transfer [129], however this is of no 

concern in the xenon experiments to be discussed.) 

Another important implication of the cross polarization experiment mentioned in the 

introduction is the discrimination that it allows between nuclei in the sample. Only nuclei 

near the spins that serve as the magnetization source become polarized and are detected. 

This is because the magnetic dipole-dipole interaction is short range (alfr3) and is the basis 

of the polarization transfer. The properties of high field cross polarization are clearly of 

great ~tility in the application of laser-polarized xenon to the study of surfaces. After the 

xenon is adsorbed on a surface the polarization can be transferred with isotopic selectivity 

to any nucleus on the surface subject to purely technical constraints. 

5.3.1 Results for Poly( triarylcarbinol) [ 19 8] 

The 129Xe NMR spectrum of xenon adsorbed on poly(triarylcarbinol) at -16o·c is 

shown in figure 5.4a. Cross polarization .from protons to xenon was previously 

investigated in this system in the previous chapter and dipolar contact exists below about 

-14o·c (cf. figure 4.12). Xenon in both adsorption sites has an optimal contact time with 

the protons of 5 msec. In figure 5.4b the pulse sequence used for the 129Xe to lH cross 

polarization experiment is shown. After the xenon is adsorbed the proton resonance is 

saturated by a train of 45° pulses to destroy any thermal polarization present before the 

magnetization transfer. The xenon is then spin-locked and a matching field applied to the 

protons. Mter a 5 msec contact period the matching fields are turned off and the proton 

magnetization is refocused using a dipolar echo to reduce the effects of the spectrometer 

' 



a) 

solid adsorbed 

500 400 300 200 100 0 
Chemical Shift (ppm) 

b) 

Pump Adsorb Saturate Match and Detect 

rr/2 

129Xe 3.1--' --~~_.___~ ___ ___,_ 

Figure 5.4 (a) Spectrum of adsorbed xenon. (b) Pulse sequence used in high field cross 

polarization experiment. 

131 



132 

dead time. The resulting 1 H spectra are showed in figure 5.5a,b. ·The proton spectrum at 

these low temperatures is a 36kHz broad gaussian due to the strong homonuclear dipole­

dipole couplings. In figure 5.5b the helicity of the pumping light has been reversed 

resulting in an emissive spectra confirming that the polarization source for the protons is 

indeed the adsorbed xenon (as was shown previously for 13C02). No signal was obtained 

when the sequence was run immediately before the xenon was added or when the matching 

tield amplitudes were deliberately misset. The sharp feature slightly cut of phase in the 

center of the spectrum is due to the probe background; note that it is removed in the 

difference spectrum (figure 5.5c). Cross polarization by an adiabatic transfer method was 

also attempted, but was unsuccessful, probal;>ly due to the short Tip (=15 msec) of the 

adsorbed xenon on this polymer. 

The 1 H signal was studied at several matching times, using a single contact 

experiment, and found to be consistent with the expected exponential dependence on 

129Xe-1H contact time. At short times(~ 0.5 msec), the signal was very weak but could be 

enhanced by employing the multiple contact sequence of figure 5.4b. Figure 5.6 shows a 

comparison of the longest and shortest contact times used. The spectrum at the shortest 

contact time (0.2 msec, figure 5.6a) was perceptibly broader (43kHz) than the equilibrium 

spectrum obtained by a simple echo sequence (36kHz). At longer contact times (figure 

5.6b) the line width approached the bulk equilibrium value, due to proton spin diffusion, 

consistent with a spin diffusion coefficient estimated to be =0;6 nm2fmsec. The difference 

in proton signals may be due to the morphology of the sample. Webster et al have 

speculated based on the swelling characteristics of this polymer that it could be made up of 

tightly cross linked kernels held together by loose strands [183]. It is plausible that these 

kernels have a slightly stronger dipolar coupling than the polymer as a whole, which would 

show up as a larger lifle width at short contact times if the xenon is in direct contact with 

these tightly cross linked regions. 
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Figure 5.5 Proton spectra of poly(triarylcarbinol) enhanced by laser polarized xenon. 

Tcp=4 ms (1 contact). 
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Figure 5.6 Proton spectra of poly(triarylcarbinol) obtained with (a) Tcp=200 us (8 

contacts) and (b) Tcp=20 ms (1 contact). 
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As far as the signal enhancement, the signal obtained from the cross polarized 

protons, obtained with the optimal single contact time (20 msec, figure 5.6b), is estimated 

to have an enhancement in excess of 70. This estimate is based on the signal to noise in the 

time domain and the observation that no signal could be detected when thermally polarized 

xenon was used as the magnetization source. 

In this section we have demonstrated that laser polarized, adsorbed xenon can be 

used to selectively transfer spin order to a surface directly in high magnetic field. The phase 

of the signal is absorptive or emissive depending on the optical preparation of the system 

providing a convenient way of discriminating against nuclei not in dipolar contact with the 

adsorbed xenon. Low surface area materials would be particularly suitable for this 

technique if the rapid surface diffusion (such as that observed on polymers in the previous 

chapter) can be quenched at sufficiently low temperatures without causing bulk 

condensation of the xenon. Variable contact time cross polarization studies may allow 

"depth profiling" of spin densities near the surface due to the geometric factors involved in 

the cross polarization dynamics. 

5.4 Future Possibilities 

5.4.1 Cross Relaxation with Quadrupolar Nuclei 

It may prove possible to transfer spin order from laser polarized xenon to 

quadrupolar nuclei at surfaces. Quadrupolar nuclei pose special problems in high field · 

when the quadrupolar interaction is made orientation dependent by the Zeeman interaction. 

In zero field, however, crystalline field gradients result in splittings which are independent 

of crystallite orientation and therefore narrow. Pure NQR, as it is known, has long been 

used to determine information about molecular symmetry, motion, and structure [199], but 

due to the low frequencies involved ( 1-10 MHz for most quadrupolar nuclei) sensitivity is a 

prime concern and limitation in many experiments. Figure 5.7a shows the one shot NQR 
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Figure 5.7 (a) Pure NQR spectrum of acetonitrile (=5xlo22 nuclei, one scan) acquired at a 

frequency of 2.8 MHz. (b) Scheme for resonant cross relaxation between 129Xe and 14N. 



spectrum of polycrystalline acetonitrile at 77K. It requires =5x 1 Q22 nuclei to obtain this 

sensitivity. 
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It was shown many years ago that there can be a resonant interaction between a 

spin-1/2 nuclei and a quadrupolar nucleus at the appropriate magnetic field strength [200]. 

A possible scheme for matching the energy levels of 129Xe to a spin-1 nucleus, such as 

14N, with a non-zero asymmetry parameter is shown in figure 5. 7b. When the magnetic 

field strength is set at the appropriate value, the spin temperature should equalize between 

the two systems and thus enhance the population difference between the I+> and 1-> 

eigenstates in zero field. This difference can then be observed at the much larger v+ andy_ 

transition frequencies (seen in figure 5.7a) which determine uniquely the two parameters 

(quadrupolar coupling constant and asymmetry) in the quadrupolar Hamiltonian. 

Preliminary experiments indicate that the sensitivity may be sufficient for certain 14N 

systems such as cyano (CN) groups if the inhomogeneous broadening is not too large. 

5.4.2 Experimental Prospects 

The above examples of polarization transfer show some of the exciting possibilities 

that can be imagined with this technique. The high field technique seems particularly 

promising, especially if extended to low gamma or less abundant nuclei. These might be 

polarized either directly from the xenon, or in a second cross polarization step from 

protons, which will have a much stronger dipolar interaction with such nuclei. Possible 

nuclei include Be or 29Si. which should have higher resolution than the I H spectra 

described in section 4.3 and contain correspondingly more information about surface 

chemistry. 

The capabilities of the high field cross polarization experiment would be enhanced 

by performing it at 77K or below. When the bulk freezing difficulties are overcome this 

will allow cross polarization on a wide range of surfaces as both the coupling and spin­

lattice relaxation will become more favorable. 
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Other possible improvements include a continuous gas flow system such as that 

demonstrated for hydrogen [201]. This would allow two dimensional experiments, such as 

the exchange experiment discussed in chapter one, to be performed with laser polarized 

xenon. While there are no direct technical obstacles to this, the polarization transfer from 

rubidium to xenon might be too slow to allow a large flux at significant polarization levels. 

However, it has been reponed recently that deuterium polarized by spin-exchange optical 

pumping achieved a flow rate of =1017 atoms/sec at 70% polarization [202]. 

Pure spin physics of highly polarized spin systems has long been of considerable 

interest in the magnetic resonance field [203]. Laser polarized xenon may be useful for 

studying such phenomena as the breakdown of the high temperature approximation [204, 

205], nuclear spin ordering [206], demagnetizing field effects [207, 208], ~~R lasers 

[209], etc. 
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