
Journal of Magnetic Resonance 167 (2004) 298–305

www.elsevier.com/locate/jmr
Time resolved spectroscopic NMR imaging using
hyperpolarized 129Xe

S. Han,a H. K€uhn,b F.W. H€asing,c K. M€unnemann,b B. Bl€umich,b and S. Appeltc,*

a Max-Planck Institute for Polymer Research, Ackermannweg 10, D-55128, Mainz, Germany
b Institute of Macromolecular Chemistry and Technical Chemistry, RWTH-Aachen, D-52056, Germany

c Zentrallabor f€ur Elektronik, Forschungszentrum J€ulich, D-52425, J€ulich, Germany

Received 18 September 2003; revised 19 December 2003
Abstract

We have visualized the melting and dissolution processes of xenon (Xe) ice into different solvents using the methods of nuclear

magnetic resonance (NMR) spectroscopy, imaging, and time resolved spectroscopic imaging by means of hyperpolarized 129Xe.

Starting from the initial condition of a hyperpolarized solid Xe layer frozen on top of an ethanol (ethanol/water) ice block we

measured the Xe phase transitions as a function of time and temperature. In the pure ethanol sample, pieces of Xe ice first fall

through the viscous ethanol to the bottom of the sample tube and then form a thin layer of liquid Xe/ethanol. The xenon atoms are

trapped in this liquid layer up to room temperature and keep their magnetization over a time period of 11min. In the ethanol/water

mixture (80 vol%/20%), most of the polarized Xe liquid first stays on top of the ethanol/water ice block and then starts to penetrate

into the pores and cracks of the ethanol/water ice block. In the final stage, nearly all the Xe polarization is in the gas phase above the

liquid and trapped inside the pores. NMR spectra of homogeneous samples of pure ethanol containing thermally polarized Xe and

the spectroscopic images of the melting process show that very high concentrations of hyperpolarized Xe (about half of the density

of liquid Xe) can be stored or delivered in pure ethanol.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) of Xe is known

as a very sensitive method for monitoring chemical and

structural environments. Due to the low signal-to-noise

ratio of NMR from Xe in thermodynamic equilibrium,

the acquisition of a single NMR spectrum in materials
is usually very time consuming, taking 10min up to

tens of hours. NMR with hyperpolarized Xe has

overcome this problem and therefore the number of

applications in material sciences and medicine has in-

creased significantly in the recent years [1–8]. The large

nuclear magnetization of hyperpolarized Xe allows the

repetitive application of excitation pulses with very

small flip angles, slowly consuming the non-equilibrium
magnetization and therefore eliminating the need of T1-
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waiting periods between successive measurements. This

makes time resolved Xe spectroscopy and imaging

viable.

A series of hyperpolarized Xe spectra supply infor-

mation about structural and chemical changes evolving

in time. Many experiments have been demonstrated

using time resolved NMR spectroscopy with hyperpo-
larized Xe, such as the diffusion of Xe into porous glass

[9], the xenon exchange between two phases in soft po-

rous materials [10], and the formation of clathrate

structures [11–14]. Xenon magnetic resonance imaging

(MRI) and flow imaging measure the distribution of the

Xe spin density and the motional information as a

function of space, and do not provide information about

the structural or chemical environment. Tseng et al. [15]
demonstrated MRI of laser polarized liquid Xe with

high resolution and Mair et al. [16] investigated the spin

density, diffusion, and velocity distribution of a sta-

tionary convection pattern of hyperpolarized Xe.
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Xenon spectroscopic imaging, also known as chemi-
cal shift imaging (CSI), is able to measure both, chem-

ical and spin density properties of a sample but normally

at the cost of a much longer measuring time because an

additional dimension is added. A first 2D CSI image

with hyperpolarized Xe was done by Swanson et al. [2]

in a rat brain. Moudrakovski et al. [17] showed that with

a stationary continuous flow of hyperpolarized Xe the

time required for acquisition of a 2D spectroscopically
resolved image is reduced from tens of hours to about

30min. However, if Xe spectroscopic imaging is used for

characterizing dynamic processes varying on a timescale

of seconds, a complete image must be acquired in less

than one second. We demonstrate that this is possible if

a large reservoir of hyperpolarized Xe with a high po-

larization fraction (�20%) is provided [18] and only one

spatial dimension is chosen beside the spectroscopic di-
mension (1D CSI).

An important issue is the storage of large quantities

of hyperpolarized Xe in solids and liquids. Furthermore,

the delivery of high concentrations of hyperpolarized Xe

to macro- or biomolecules in aqueous and non-polar

solvents is essential for the investigation of the structure

of these molecules using Xe and/or SPINOE NMR

[3,4,18]. For this purpose, the solvent ethanol is prom-
ising because it can be mixed with water in arbitrary

proportions. Therefore, we have investigated the dy-

namics of melting, migration, and dissolution of hy-

perpolarized Xe ice into ethanol and ethanol/water

mixtures with the method of time resolved spectroscopic

imaging.
Fig. 1. (A) Two-dimensional x–z FLASH image of hyperpolarized Xe

ice frozen on the surface of an ethanol/water ice block. The lower part

shows the measured temperature evolution at three positions within

the sample. The first 2D FLASH and spectroscopic images (t ¼ 0 s) are

taken about 60 s after removal of the sample from liquid nitrogen.

Note the temperature of Xe ice (117K) at t ¼ 60 s which is determined

from the linewidth of the Xe ice spectrum [29]. (B) Pulse scheme

for one-dimensional Xe spectroscopic imaging and (C) the FLASH

imaging sequence.
2. Experimental

We produce the hyperpolarized Xe using a continu-

ous flow Rb-Xe hyperpolarizer [18,19], which operates

by the principle of spin exchange optical pumping [20–

22]. The flow polarizer produces about 1.5 cm3/min

(@1bar, 20 �C) Xe gas with a polarization fraction of

20%. The polarized Xe gas flows through the sample cell
containing about 0.2 cm3 of a solvent. For sample

preparation, 6mm of liquid ethanol or an ethanol/water

(80 vol% ethanol) mixture was filled into the tip of the

transportable sample tube (7mm inner diameter). The

different solvents were first deoxygenated and then fro-

zen at 77K in a liquid nitrogen bath. A layer of hy-

perpolarized Xe ice with a thickness of about 1mm was

accumulated over a time period of 6min onto the sur-
face of the frozen solvent. To maintain the Xe polari-

zation in the sample tube, a field of 1000G was applied

using a permanent magnet. The loss of polarization of

the solid Xe at 77K and 1000G is negligible due to the

long T1 relaxation rate of 10�4 s�1 [23]. After the prep-

aration period, the sample tube was closed with two

valves, separated from the hyperpolarizer, and finally
inserted into a 4.7 T vertical bore Bruker imaging system
operating at a Xe resonance frequency of 55MHz. We

used a birdcage resonator with an inner diameter of

20mm (BRUKER) for all NMR experiments.

A series of two-dimensional FLASH images and one-

dimensional spectroscopic images were acquired during

the warm-up and melting processes. The corresponding

pulse sequences for the spectroscopic and the FLASH

images are shown in Figs. 1B and C. The sequence to
obtain one-dimensional spectroscopic images consists of

an rf-excitation pulse with a small flip angle a followed

by a Gz-gradient pulse of 150 ls duration for phase en-

coding along the z-direction. The bipolar gradient pulse
Gx in the x-direction serves to generate a gradient echo.

The gradient Gz was increased stepwise from )1 to +1T/

m in 64 steps. The acquisition of the Xe-free induction

decay (acquisition time is 20m) was started after
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switching off the Gx gradient and after a minimum delay
time during the gradient fall time. The total time re-

quired for a complete 1D image was 2 s and the field of

view (fov) was 30mm along z. Phase transitions and

dissolution arising in the process of melting solid Xe on

a timescale of several minutes could be measured as a

function of time (t) and space (z). To compensate for the

losses of Xe magnetization due to T1-relaxation and rf-

pulses, and to optimize the signal-to-noise ratio, the flip
angle a was adequately increased from a ¼ 0:25� for the
first image to a ¼ 12� for the last image.

The 2D FLASH images were acquired using 64 phase

encoding Gx gradient steps along the indirect dimension

and by acquiring the gradient echo signal along the di-

rect dimension caused by bipolar Gz gradients. Each 2D

FLASH image represents a projection along the direc-

tion of the y-axis within the sensitive coil volume since
no slice selection was applied and the fov for the images

along x and z is 20mm, respectively. The spatial reso-

lution is about 80 lm in the x-direction and 310 lm in

the z-direction.
Fig. 1A top shows a 2D FLASH image of pure hy-

perpolarized solid Xe frozen on top of the solid ethanol

ice block. Note the Xe ice which forms on the surface of

the inner glass tube when the flowing hyperpolarized Xe
gas freezes at T ¼ 77K. Also indicated in Fig. 1A are

the initial conditions, the sample geometry, and the di-

mensions of the sample. The temperature distribution of

both types of sample (100% ethanol, 80/20% ethanol

water) inside the tube was measured at a pressure of

1 bar and without frozen Xe in separate runs with a PT

100 sensor inside the sample at three different locations

(on the meniscus, in the center of the ethanol, and on the
Fig. 2. (Top) Series of two-dimensional FLASH images of hyperpolarized X

ethanol phase. The dotted lines indicate the position of the inner and outer

larization is concentrated on the bottom of the outer tube. (Bottom) Corresp

600 s, nearly all the Xe polarization is in the gas phase.
bottom of the tube). The temperatures are independent
of the type of sample (pure ethanol, 80/20 vol% ethanol/

water) due to the small amount of sample material. The

evolution of temperature during the initially frozen

sample depends mainly on the heat capacity of the

sample tube. Therefore, these measurements give a good

estimation of temperature during the NMR experi-

ments. The results of these temperature measurements

are shown on the bottom of Fig. 1A. The 4He pressure
inside the sample tube during the NMR experiments was

7 bar. At t ¼ 0 s (60 s after removal of the sample from

the liquid N2), we measured the first 2D FLASH image

(T � 120K). Note that the difference in temperature

between the meniscus and the bottom is less than 5K

and that the maximum difference is 45K between the

center of the solid ethanol and the bottom of the tube

(80 s after removal of the sample from liquid N2). For
t > 200 s, the temperature differences in the whole sam-

ple are smaller than 5K.
3. Results and discussion

Our main interest was the investigation of the incor-

poration and dissolution mechanism of Xe atoms into
the frozen solvent matrix during the warm-up period.

The two series of FLASH images in Fig. 2 show the

different behaviors of hyperpolarized solid Xe migrating

into the frozen pure ethanol solid (Fig. 2 top) and 80

vol% ethanol/water ice (bottom). For each image in

Fig. 2, the corresponding temperature Ts is denoted,

measured on the surface of the frozen solvent. Let us

start with the images of pure ethanol (Fig. 2 top). At
e ice, which is melting, migrating, and dissolving into the supercooled

glass tube and the shape of the meniscus. After 120 s, all the Xe po-

onding FLASH images for the case of 80 vol% ethanol/water ice. After
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t ¼ 30 s (Ts � 145K) the solid Xe (melting point
161.3K) starts to sink slowly as a whole block through

the ethanol although the melting point of pure ethanol,

T eth
m ¼ 159K, is much higher. This can be explained by

the phase diagram of ethanol, which shows a super-

cooled liquid state at temperatures between 97K< T <
159K [24] in the case of fast cooling. At t ¼ 90 s

(Ts � 183K) the solid Xe of the inner tube has melted

and forms a liquid droplet at the end of the inner tube.
This is consistent with the fact that solid Xe melts at

Tm ¼ 161:3K and liquid Xe starts to boil at Tb ¼ 208K

at 7 bar. Note the thin layer of Xe with �1mm thickness

on the bottom of the tube. Some hyperpolarized solid or

liquid Xe has moved down from the top of the meniscus

through the supercooled ethanol because the Xe (solid,

liquid) has a much higher density compared to ethanol.

Note that the FLASH images do not provide any in-
formation about the physical state and the composition

of this thin layer. This will be clarified later by means of

spectroscopic imaging. At t ¼ 120 s (T � 200K) the li-

quid Xe droplet has fallen through the liquid ethanol

and is joining with the Xe layer on the bottom. This

layer with a high density of Xe atoms still exists at times

t > 120 s (Fig. 2 top) and nearly no polarized Xe gas is

observable above the liquid although the actual tem-
perature inside the ethanol is much higher than the

boiling point of Xe (208K). A few remarks should be

made about the influence of the chemical shifts (solid Xe

�300 ppm, liquid �250 ppm, and gas¼ 0 ppm) of dif-

ferent Xe phases onto the images. The dotted lines

(meniscus, inner and outer glass tube) are determined by

the images of solid Xe (Fig. 1A and Fig. 2 at t ¼ 30 s,

40 s). Because the frequency encoding direction was
chosen to be the z-direction, the images of the Xe liquid

phase are displaced by about 0.8mm and the gas phase

by about 5mm along the negative z-direction, relative to
the image of the solid Xe as a result of their chemical

shift differences. For example at t ¼ 90 s, the liquid

droplet is positioned about 1mm below the end of the

inner tube and the image of the gas phase is shifted al-

most entirely into the liquid ethanol phase. This overlap
of different coexisting Xe phases complicates a quanti-

tative evaluation. Note the sideways displacement of the

liquid droplet to the left side of the outer surface of the

inlet glass tube. This is a real effect due to imperfect

shape and alignment of the inlet, and surface tension of

the liquid.

The images on the bottom in Fig. 2 show the melting

process of hyperpolarized Xe frozen on top of a solid
ethanol/water mixture. The water increases the melting

point of the solid ethanol/water to 210K. This is close to

the boiling point of liquid Xe at 7 bar. Consequently, the

ethanol/water sample is still in the solid phase when Xe

reaches the boiling point. Between t ¼ 40 s and t ¼ 120 s

most of the solid/liquid Xe remains on top of the solid

solvent. Note the displacement of the liquid or dissolved
Xe phase by Dz ¼ �0:8mm from the surface due to the
chemical shift difference between the Xe ice and liquid

phase. At t ¼ 160 s (Ts ¼ 221K) a large fraction of liquid

Xe has transformed into the gas phase. The gas image

clearly shows the meniscus and the inner tube (two dark

vertical stripes) shifted by Dz ¼ �5mm. In addition, two

thin layers of liquid or dissolved Xe are visible on the

surface and close to the bottom of the ethanol/water

volume. The explanation for this is that some liquid Xe
migrates through pores and/or cracks, which have

formed in the solid ethanol/water block. Evidence for the

existence of pores will be given later in the spectroscopic

images, where the chemical shift information specifies the

phase of the Xe. At t ¼ 600 s nearly all the remaining Xe

polarization is in the gas phase.

To obtain a reference for the interpretation of the

spectroscopic images, we measured NMR spectra of
thermally polarized Xe in pure ethanol at different

temperatures and pressures. At each temperature a Xe

spectrum was measured by averaging over 32 scans

(50�-pulses, 10 s repetition time) as presented in Fig. 3A

for p ¼ 16 bar. The zero point of the Xe chemical shift

(Xe gas peak at zero pressure) is set 9.2 ppm upfield with

respect to the gas peak at 16 bar and 295K [8]. Note

that the linewidth of the dissolved Xe peak is narrow
(1–2 ppm) for all temperatures. This means that Xe is

mobile in the ethanol down to 160K. Below 160K the

Xe dissolved in ethanol starts to form solid clusters (see

line at 298 ppm in Fig. 3A) leading to a lower Xe density

in the Xe/ethanol mixture and therefore to a lower

chemical shift of the dissolved Xe line (see lines at

223 ppm). The measured Xe densities are shown in

Fig. 3B. For comparison we plot also the density of li-
quid Xe (triangles) versus T [25]. Fig. 3B shows that

large densities of Xe can be dissolved in cold ethanol.

From these data the corresponding Ostwald solubility of

Xe in ethanol increases from Os ¼ 2:5 (water Os ¼ 0:11)
at 300K [26] to Os > 100 for T < 180K. Fig. 3C shows

the Xe chemical shift versus temperature at 2 bar (filled

squares), 7.5 bar (open circles), 16 bar (filled circles), and

33 bar (open squares). The filled triangles represent our
measured chemical shifts of liquid Xe, which decrease

linearly with increasing temperature. The slope is in

good agreement with the results of Brinkmann and Carr

[27]. From these data a simplified physical model based

on a model of Jameson et al. [28] can be developed,

which describes the dependence of the chemical shift d
on the temperature T , the ethanol density [Eth], and on

the dissolved Xe density [Xesol].

d ¼ �rXe–Eth
0 ðT Þ � ½Eth�ðT Þ � rXe–Xe

1 ðT Þ � ½Xesol�ðT Þ ð1Þ
rXe�Eth
0 ¼ c1 þ c2 � expð�EEth

Xe =kT Þ is the Xe–ethanol

interaction with c1 ¼ �0:399 ppm/amagat, c2 ¼
�0:00706 ppm/amagat and with the activation energy

EEth
Xe ¼ �29:3meV (1 amagat corresponds to 2.69� 1019

cm�3). The Xe–Xe interaction depends linearly on the



Fig. 4. (A–F) One-dimensional spectroscopic images of hyperpolarized

Xe frozen on ethanol ice versus time. The localized spectra give in-

formation about all the phase transitions of Xe occurring during the

melting and dissolution processes.

Fig. 3. (A) Thermally polarized Xe NMR spectra versus temperature

from a sample tube containing 16 bar of Xe gas and filled with 0.3 cm3

liquid ethanol. (B) Density of dissolved Xe in ethanol. For comparison

the density of liquid Xe (triangles) is shown. (C) Xe chemical shift

versus temperature at four initial gas pressures. For comparison the

chemical shift of liquid Xe versus temperature is indicated by the tri-

angles. The maximum measured Xe density in ethanol (T ¼ 165K,

33 bar) is about 300 amagat which is about half of the density of liquid

Xe (590 amagat). The solid lines in (B) and (C) serve as a guide to the

eye.
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Xe density over the whole range up to the density of

liquid Xe and the coefficient rXe–Xe
1 ðT Þ depends weakly

on temperature and the dominant temperature inde-

pendent coefficient is rXe–Xe
1 ¼ �0:48 ppm/amagat.

Let us now analyze the spectroscopic images. Figs.

4A–F present a selection of six one-dimensional Xe

spectroscopic images in pure ethanol. They show all the

coexisting different Xe phases resolved in the spectral,
spatial, and time dimension. The horizontal axis in the

plots of Fig. 4 represents the spectroscopic dimension

of the Xe chemical shift ranging from 0 to 350 ppm. The

vertical axis is the amplitude of the spectrum and

the third axis gives the z position, where z ¼ 0mm is the

bottom of the sample and z ¼ 6:5mm is the lowest point

of the ethanol meniscus. Fig. 4A shows the pure Xe ice

phase at 300 ppm, which corresponds to the 2D image at
t ¼ 0 s in Fig. 1A. The intensity in Fig. 4A indicates

that most of the solid Xe is frozen on top of the
meniscus (6–9mm). The linewidth of the solid Xe varies

from 14 ppm (�800Hz FWHM) at z ¼ 6:5mm to less

than 1 ppm (�50Hz FWHM) at z ¼ 15mm. This can be

explained by differences in the temperature within the

solid Xe layer at different positions along z. The warmer

regions of solid Xe at higher positions z have smaller

linewidths because of the increased mobility of the Xe

atoms that averages out the static dipole–dipole inter-
action. Following Yen and Norberg [29], who measured

the linewidth of the solid Xe versus temperature, the



Fig. 5. (A–F) Time series of one-dimensional spectroscopic images of

hyperpolarized Xe frozen on 80 vol% ethanol/water ice. These images

show different Xe phases (Xe gas, liquid, solid or dissolved phase) well-

separated compared to the FLASH-images in Fig. 2.
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temperature of the solid Xe averaged over one slice is
estimated to be T � 135K at z ¼ 15mm and T � 117K

at z ¼ 6mm. This estimated temperature of 117K is

close to the temperature Ts of 120K measured with a

temperature sensor near the meniscus. The spectro-

scopic images in Figs. 4B–F show that a thin layer of

hyperpolarized Xe has been built up on the bottom of

the sample tube. The narrow peaks at 255 ppm in

Fig. 4B near z � 10mm indicate the liquid Xe droplet,
as seen in Fig. 2 (t ¼ 90 s) at the end of the inner tube.

The spectra in the vicinity of z ¼ 1mm show two peaks

at 300 and 250 ppm. This means that at t ¼ 90 s the thin

layer at the bottom is composed of solid Xe particles in

coexistence with liquid Xe. Note also in Fig. 5B the trace

of Xe spectra at 205 ppm between 6mm< z< 9mm,

which is most likely Xe dissolved in liquid ethanol on the

warmer walls of the glass tube. In all the images, only
small amounts of Xe gas at 0 ppm exist above the me-

niscus. At t ¼ 120 s (Fig. 4C) all the solid Xe has van-

ished and the chemical shift of 235 ppm of the thin layer

on the bottom of the tube indicates that ethanol mole-

cules start to diffuse into the liquid Xe layer. The

chemical shift of this layer drifts from 235 ppm at

t ¼ 120 s to 195 ppm at t ¼ 690 s. According to the result

of Fig. 3C, this means that the temperature increases
and the averaged Xe density within this layer decreases

with time. Note that nearly all the Xe polarization is

concentrated on the bottom of the sample tube for more

than 11min and this layer exists up to temperatures of

280K (Fig. 4F). This is far beyond the boiling point of

liquid Xe at 208K at 7 bar. The boiling point of the Xe-

ethanol layer increases during the time course of disso-

lution due to the diffusion of ethanol molecules into the
layer, which hinders the evaporation of Xe. The smallest

chemical shift of 175 ppm, represented by the small

group of lines at t ¼ 690 s and between 6mm< z< 8mm,

indicates that the Xe density in this region of the ethanol

phase is small.

Nearly all spectra of the Xe layer on the bottom of the

tube have very broad linewidths (up to 33 ppm) and have

very different and asymmetric lineshapes (Fig. 4). An
enhanced view for the different lineshapes is shown for

t ¼ 210 s in Fig. 6A. The broad and asymmetric line-

shapes can be explained by large Xe density gradients (see

Fig. 6A) in the radial and in the z-direction, leading to a

superposition of narrow lines with different chemical

shifts and amplitudes. The extremely broad line width of

maximum 33 ppm evidently explains that Xe density

variations of about 70 amagat (see Eq. (1)) must exist in
the radial and the axial z-direction within our measured

sample slice (Dz ¼ 0:5mm, Dx, Dy ¼ 3:5mm). Tempera-

ture variations of less than 5K lead to line shifts of smaller

than 1.8 ppm and do not explain the observed line

broadening.

The spectroscopic images in Figs. 5A–F show the

process of the melting, dissolution, and evaporation of
hyperpolarized Xe above the frozen ethanol/water ice.

In Fig. 5B at t ¼ 40 s solid Xe coexists with the liquid
and gas phases and a small amount of liquid Xe has

penetrated through the whole ethanol/water ice block.

At t ¼ 80 s (186K) most of the Xe is in the liquid phase



Fig. 6. (A) Enhanced view of the one-dimensional Xe spectroscopic image in pure ethanol for t ¼ 210 s. The big changes of the shape and the width of

the lines at different positions z can be explained by large variations in the Xe concentration on the bottom of the tube (see Fig. 3B). (B) Time

dependence of the Xe spectrum for an 80 vol% ethanol/water mixture measured inside the ice block at z ¼ 6mm. The Xe gas peaks with a chemical

shift of a few ppm appearing after t ¼ 120 s are associated with closed and open pores filled with Xe gas at different pressures.
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(255 ppm chemical shift) and the liquid is concentrated

on the surface of the ethanol/water ice block in analogy

to Fig. 2 at t ¼ 80 s. At t ¼ 120 s (Fig. 5D) the measured

temperature on the surface Ts � 205K is close to the

boiling point of liquid Xe (�208K at 7 bar). Therefore,

the liquid Xe has started to evaporate into the gas phase,

as indicated by the increased amplitude of the Xe gas

spectra above the meniscus. The small group of lines at
200 ppm in the range of the meniscus represents the

dissolution of Xe into a liquid ethanol/water layer on

the warmer surface of the outer glass tube. At t ¼ 160 s

(Fig. 5E) most of the hyperpolarized Xe is in the

gas phase. The ethanol/water ice block (Tm ¼ 210K)

exists several hundred seconds after all the liquid Xe

has evaporated. The spectrum below the meniscus (z <
6:5mm) in Fig. 5E shows a row of Xe gas lines with very
small amplitudes and chemical shifts of a few ppm,

which originated from the migration of liquid Xe

through the pores of the solvent ice matrix and sub-

sequent evaporation. These gas lines inside the melting

ethanol/water ice block remain until t ¼ 600 s.

The enhanced view in Fig. 6B of the time series of Xe-

spectra at the meniscus (z ¼ 6mm) shows a group of gas

lines with different chemical shifts for t > 120 s. These
can be associated by the presence of open and closed

pores existing inside the ethanol/water ice block which

are filled with Xe gas of different pressures. The broad

lines at 220 ppm in Fig. 5E between 3mm< z< 6mm

indicate that a fraction of the Xe has dissolved into the

liquid ethanol/water phase coexisting with the ice matrix.

Again, the large Xe density gradients cause the broad

lines with very different lineshapes at different z-posi-
tions. After 1140 s (Fig. 5F), the whole ethanol/water ice

block has melted and the corresponding spectroscopic

image shows that only two lines have survived, Xe gas at
z > 6:5mm and Xe dissolved in the liquid meniscus

(180 ppm) between 6mm< z< 9mm. The fact that no Xe

signal can be observed inside the liquid (z < 6mm)

except in the vicinity of the meniscus means that all the

magnetization of the dissolved Xe has decayed to zero

and that the liquid surface is in continuous exchange with

the Xe gas reservoir. The large polarization of the frozen

Xe ice may be preserved in the liquid alcohol/water
mixture by rapidly heating up the sample, which leads to

strong convective mixing of Xe into the solvent.
4. Conclusions and outlook

Using the method of time resolved laser-polarized Xe

spectroscopic imaging we have demonstrated for the first
time howXe atoms incorporate and dissolve into different

frozen solvents. A wealth of different physical phenom-

ena, such as the observation of phase transitions, the

position dependent line narrowing of Xe ice, the creation

of pores, and the existence of a dense liquid Xe layer in

ethanol have been observed. However, the chemical shift

of the Xe spectra depends on temperature and on the Xe

density and the linewidths on density and temperature
gradients, so the spectra under the condition of very high

Xe densities in solution have to be interpreted carefully.

The dense liquid Xe/ethanol mixture is promising for

the injection into biochemical or biological systems in

vitro, where the highest possible density of polarized Xe

atoms should be delivered to the target molecules in the

aqueous environment. Other applications of Xe spec-

troscopic imaging, such as the mapping of temperature
and gas density versus space and the in situ mea-

surement of chemical reactions in micro-fluid reactors,

appear feasible as well.
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