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Abstract. In a dedicated experimental setup, we directly prepare liquid-state NMR samples containing
laser-polarized xenon with nuclear polarization larger than 5% at pressures up to 4 bars. Coating of
the NMR tube surface allows us to increase the self-relaxation time of xenon in the gaseous phase to
approximately 4.5 hours. Using a modified SPINOE pulse sequence, we present the first direct detection
of a regioselective proton signal enhancement of a molecule (a-cyclodextrin) dissolved in water resulting
from cross-polarization between laser-polarized xenon and protons.

PACS. 76.60.-k Nuclear magnetic resonance and relaxation — 32.80.Bx Level crossing and optical pumping
— 87.15.-v Biomolecules: structure and physical properties

1 Introduction

Numerous biological processes involve gases. For instance,
hemoglobin and derivatives have the role of oxygen-
carriers, while other proteins such as hydrogenases act as
catalysts. However their fine characterization requires to
identify the active sites inside the protein, to know which
are the pathways for the penetration of the gas, and to de-
termine whether a deformation of the protein is necessary
to facilitate the entrance of the gas inside its core [1]. The
study of the interaction between gases and cage-molecules
is also of high importance. As an example, amphiphilic
cyclodextrins serve as gas sensors in piezoelectric crystals
exploiting their ability to respond rapidly and in a selec-
tive way [2].

In most of the cases the cavities designed to receive the
gas have an hydrophobic character. Their characterization
is often difficult, including whether they are empty or con-
tain some disordered water molecules [3,4]. The study of
these pockets and cavities can be performed by NMR, us-
ing small gas molecules carrying nuclear spins: hydrogen,
methane, ethylene, cyclopropane, ... [5,6]. However as a
consequence of their low solubility, in order to observe po-
larization transfer between these nuclei and some protein
protons and then to build a cartography of the regions
involved in the interaction, very high pressures have to be
used (sometimes several hundreds of bars), which can un-
fold the protein [7]. The use of laser-polarized gas appears
as an attractive alternative, since its very high nuclear po-
larization could allow one to work at moderate pressures.
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Among the two noble gas isotopes with a spin 1/2, for this
application '2°Xe seems to be more promising than He,
since it exhibits a larger range of chemical shifts, its solu-
bility is at least one order of magnitude larger than helium
and it is known to be hydrophobic. Finally, in contrast to
3He, it can be detected using standard broadband NMR
probeheads.

Even if a large polarization enhancement is achievable,
observing cross-relaxation between a laser-polarized gas
and a solute molecule is difficult to achieve. This is illus-
trated by the rapidly increasing number of groups working
with laser-polarized gas [8] compared to only two success-
ful reports on the observation of cross-relaxation between
xenon and the protons of a molecule dissolved in organic
media [9,10]. The case of water, which is the most relevant
for biological applications, is the most challenging, due to
the low solubility of xenon whose signal is typically re-
duced by about a factor 30 relative to its signal in classical
organic solvents such as chloroform, benzene, or cyclohex-
ane [11]. The present article is devoted to the description
of an experimental setup allowing the preparation and the
use of laser-polarized xenon in liquid state NMR and to
the first observation of laser-polarized ?Xe—'H cross-
relaxation in water using a modified SPINOE [9] pulse
sequence.

2 Materials and methods

The nuclear spin of xenon is polarized by the spin-
exchange method [12-15]. For the design of our experi-
mental setup we have taken advantage of the extended
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Fig. 1. Schematics of the experimental setup for optical pump-
ing. BE: beam expander; BS: beam splitter; \/4: quarter-wave
plate; P1 and P2: power-meters. B: magnetic field collinear to
the light beam. The pumping cell (PC) is constituted by a glass
cylinder surrounded by another glass cylinder in which hot ni-
trogen is flowing. The flat surfaces of the cell are made with
glass of optical quality to avoid any photon depolarization.

literature in this field [16-19]. The optics part allows a
differential measurement of the absorption, taking into ac-
count the fluctuations of the laser power. Also, since we
use a laser instead of a diode, low gas pressures are suitable
to fit the linewidth of the laser so that, in addition to the
loss of polarization by interaction with the impurities in
the walls [20,21], it is necessary to avoid relaxation by By
magnetic field gradients during the optical pumping [22,
23]. The coils have been conceived in order to minimize
these relaxation effects.

2.1 Optics

The D1 electronic transition of the rubidium atoms (A =
794.7 nm) is excited via a tunable titanium:sapphire laser
(model 3900S from Spectra Physics). Pumped by an ar-
gon ionized laser (Spectra Physics Model 2040) delivering
20 W, it produces ca. 5 W continuous power. The light
passes through a beam expander (BE), then through a
beam-splitter cube (BS) (see Fig. 1). The BE serves to
broaden the beam section from a diameter of about 1 mm
to 25 mm in order to illuminate the whole pumping cell
(PC) and to reduce the angular divergence. The BS has a
double aim: it ensures that only the horizontally polarized
light reaches the A/4 plate, and it deviates the residual
vertically polarized light fraction (~2%) towards a power-
meter (P1). Finally, on the main optical pathway a A\/4
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plate transforms the linear polarization into circular po-
larization. The beam is stopped after the pumping cell by
a second power-meter (P2). The use of two power-meters
allows a differential measurement, ensuring that the fluc-
tuations observed on P2 are not due to variations of the
laser power.

2.2 Apparatus

As depicted in Figure 1, the magnetic field in the pump-
ing area is created by five coils. Their inner diameter is
700 mm for the three central ones, and 610 mm for the
two extreme ones. The distances between two coils are
220 mm (coil 2—coil 3, coil 3—coil 4) and 195 mm (coil 1—-
coil 2, coil 4—coil 5). This particular design is intended to
keep the maximum field homogeneity in direction in order
to prevent nuclear spin relaxation due to field gradients
between coils 2 and 3 and coils 3 and 4 where the pump-
ing cell and a storage cell are respectively located. The
homogeneity level created by these coils is computed to
be better than 5 x 107° in the volume of the pumping
cell and better than 2 x 1073 in the transfer area of the
polarized xenon. Supplied by a direct current of 5 A, the
coils deliver a field of 56 G at the location of the pumping
cell.

The pumping cell is of cylindrical shape (inner diame-
ter 23 mm) and has a volume of 31 ml with a dark volume
of about 3 ml. It is surrounded by a second cylindrical
cell (outer diameter 54 mm) in which hot nitrogen is flow-
ing. Its temperature is controlled by a Bruker VT1000
unit working with a thermocouple and a heating resistor.
The complete glassware (in Pyrex) is schematized in Fig-
ure 2. Each connection between Pyrex pieces is formed by
a Solv-Seal joint from Andrews Glass Co., and each con-
nection between a Pyrex piece and a metal part is made by
a Pyrex/metal weld completed by an ISO-KF joint from
SVT. Teflon valves from Young Scientific Glassware Ltd
are used. Regular 5 mm NMR tubes closed by a valve are
purchased from Young Scientific Glassware Ltd. The glass-
ware is continuously pumped by a turbomolecular pump
from Varian Inc. This allows an average vacuum lower
than 10~ mbar to be obtained.

All glass surfaces are treated in the following way.
First, the glassware is washed by immersion in a piranha
solution (60% sulfuric acid, 40% hydrogen peroxide). Then
it is dried in an oven at 390 K for about one day. Finally it
is covered by a thin film of surfasil (dichlorooctamethylte-
trasiloxane CgHz4Si1403Cly, from Pierce Chemicals), de-
posited by the immersion procedure using a solution of
10% v/v in dry toluene. After some hours in the oven at
390 K, the glassware is installed on the vacuum line and
immediately pumped.

2.3 Chemicals

Rubidium 99.6% pure is purchased from Aldrich Chem-
ical Inc. In a glove-box, it is introduced in the pumping
cell previously coated as described above, and put under
dynamic vacuum for at least 3 days. Being kept under
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Fig. 2. Gas transfer system. The glassware can be divided
into two parts. The first one serves for the introduction of the
gases directly into the pumping cell (PC) or into a reservoir
(MR) designed to prepare the mixture (N2—Xe) before filling
the pumping cell. The pressure is measured by a membrane
gauge (G). The second part is used after optical pumping, and
is designed to separate the gases and to collect laser-polarized
xenon. Xenon is either directly frozen at the output E1, or in
a cold-finger (CF) placed between E1 and E2. In both cases, a
solenoid (S) immersed in liquid nitrogen provides a magnetic
field of about 5 kG in the region where xenon is accumulated. A
cold trap (CT) between the vacuum line and the pump ensures
that no xenon is lost through the pump and allows us to re-
cover xenon from the NMR tube after the experiment. Before
recycling the xenon, the gas is purified through a Sertronics
filter (PF) designed to trap traces of Oz and H2O.

pressure of nitrogen when not employed, the rubidium of
the pumping cell can be used for optical pumping exper-
iments during more than two months (representing more
than fifty different experiments). This principally results
from the gas-tightness of the joints and valves and from
the presence of Sertronics filters (from Air-Liquide), de-
signed to trap traces of HoO or Os. Xenon in natural
isotopic proportions (Air-Liquide) or 96% enriched 12°Xe
(Eurisotop) are used.

2.4 Preparation of samples containing laser-polarized
xenon

The pumping cell is heated to 368 K after introduction of
xenon and nitrogen. The titanium:sapphire laser output
is then tuned to the wavelength corresponding to the D1
transition of rubidium. When the absorption line is found,
the magnetic field is switched on. For 225 mbar nitrogen
and 70 mbar xenon, about 30% of the power is transmit-
ted in the absence of magnetic field and 93% when the
field is switched on. After some minutes of optical pump-
ing, the cell is cooled down, and xenon is transferred to
the NMR tube. For this, either the gas mixture is frozen
in an NMR tube located at the output E1. In this case,
the three-way valve allows xenon accumulation, but only
about two thirds of the polarized xenon initially present
in the pumping cell are condensed in the NMR tube. Or
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the gas mixture reaches a cold finger located between the
outputs E1 and E2. In this condition, almost all the xenon
inside the pumping cell is transferred to this dewar, which
is composed by a 5 mm NMR tube containing a capillary
(insert of Fig. 2). Its two outputs are closed by Young’s
valves, allowing its displacement from the vacuum line. As
this modified NMR tube does not fit into a narrow-bore
magnet the polarized xenon is consequently transferred to
another NMR tube either in the fringe field of the NMR
magnet or at the output E3. In both cases during the
xenon freezing, the NMR tube is located inside a solenoid
S delivering a field of about 5 kG. The solenoid and the
bottom of the NMR tube are cooled down by a tank filled
by liquid nitrogen.

2.5 NMR experiments

All experiments are performed on Bruker DRX 500 or
600 spectrometers equipped with a 5 mm Bruker in-
verse broadband probehead or a 5 mm Nalorac broadband
probehead.

The nuclear polarization of xenon is measured by com-
paring the signal in one scan just after optical pumping
to the Boltzmann equilibrium signal of the same sample
(same flip angle of the read pulse). The latter is obtained
as follows. The nuclear polarization is destroyed by means
of radio-frequency pulses, or more efficiently by a succes-
sion of freezing and sublimation cycles far from a mag-
netic field. The sample is then left to relax in the magnet
for at least 5 hours, and only after is the accumulation
started. The recycling delay between two acquisitions is
set to 20 minutes. This delay is obviously short relative to
the usual longitudinal relaxation times we measure, but
we benefit from the fast diffusion of the xenon gas and
the small volume covered by the NMR coil relative to the
complete volume of the tube. The pressure deduced from
the thermal magnetization is systematically confronted
with the pressure value inside the tube obviously mea-
sured after the NMR experiments. The uncertainty of the
signal enhancement factor strongly depends on the longi-
tudinal self-relaxation time 7§ and on the pressure inside
the NMR tube, that is on the signal over noise ratio of the
thermal equilibrium signal. According to all tests we have
performed, for an NMR tube containing about 0.5 bar of
xenon (typical value after one pumping cycle), the uncer-
tainty on the signal enhancement factor is less than 10%.

The longitudinal relaxation time of gaseous xenon T}
is determined by monitoring at fixed time intervals (A =
10 to 15 min) the NMR signal after small flip angle rf
pulses (6 < 6°). The receiver gain is changed during the
experiment to keep it adapted to the xenon signal level.
Due to the lack of precision on the 6 value, the T§ values
are not corrected by the |log(cos8)|/A term.

3 Results
3.1 Laser-polarized xenon in the gas phase

When using dissolved laser polarized xenon in liquid state
NMR, the situation can be seen as intermediate between
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Fig. 3. Example of gaseous xenon NMR signal acquired at
11.7 T and 285 K (P ~ 0.3 atm). (a) Laser-polarized signal (one
scan). (b) Boltzmann equilibrium signal (16 scans, receiver gain
multiplied by 512). The signal enhancement is 13200, which
corresponds to a nuclear polarization of 15.3%.

surface studies and imaging. For the former, very high
polarization but a low concentration of gas are required,
since the number of xenon atoms adsorbed on the surface
is low [24-26]. For imaging studies where the principal
need is to provide large quantities of gas, the dilution of
polarized gas [27] or the use of pre-polarized gas [28,29]
has been suggested. In our case, the quantity of laser-
polarized gas needed is in fact limited by the pressure
inside the NMR, tube. The volume is about 2.4 ml for a
5 mm o.d. thin wall tube and the pressure cannot exceed
4 bars. If one uses a thick wall NMR tube, the pressure
can safely be multiplied by a factor 3, but the volume is
divided by about 2.4. The quantity of polarized xenon is
consequently almost identical.

Using the experimental setup described in Section 2
(Materials and methods) by pumping a mixture composed
of about 40 mbar of xenon and 90 mbar of nitrogen, we
routinely fill the NMR tube with a pressure between 0.3
and 3 bars of xenon (according to the number of pumping
cycles) at a polarization level ranging between 5 and 22%
(Fig. 3). The duration of one pumping cycle is typically
around 10 minutes, including the time needed to fill the
cell, the heating, and then the cooling step before transfer.
The effective duration of pumping required to reach the
maximum polarization enhancement seems to be on the
order of 3-5 min as soon as the temperature of the gas
inside the cell is stabilized. As reported by Jansch [26],
decreasing the xenon fraction in the gas mixture induces
an increase of the polarization. However the price to pay
is a lower quantity of xenon prepared, a more difficult
separation from nitrogen and a slower pumping rate.

As expected after the work of Happer [30], a signifi-
cant increase in the xenon relaxation time during freezing
is observed when using a magnetic field larger than 500 G.
The maximum of the magnetic field provided by the five
coils being around 60 G, a boost field was mandatory. Af-
ter different tests we decided to resort to solenoids that
present the advantage of avoiding the strong gradients as-
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Fig. 4. Longitudinal relaxation of gaseous xenon for differ-
ent treatments of the NMR tube. The longitudinal relaxation
times TF are 234+2 mn (solid line), 1204+4 mn (dashed line) and
28243 mn (dotted line) for a tube after water/ethanol/acetone
washing, after treatment by the piranha solution and after

coating with surfasil, respectively.

sociated to permanent magnets. To obtain a high static
magnetic field (about 5 kG), the solenoid is directly im-
mersed in a dewar filled with liquid nitrogen. This allows
the reduction of its resistance by a factor ~ 6. Its inner
diameter allows the NMR tube to be inserted. When the
axis of the solenoid is correctly aligned with the NMR, tube
axis, we observe polarization losses smaller than 10% after
freezing, (one minute in the solenoid) and heating up the
sample and 39% loss observed at room temperature after
being in the solenoid for a duration of 15 minutes. This
shows that the condensation is a key point.

In any liquid state experiment with laser-polarized
xenon, since the gaseous phase above the solution repre-
sents a reservoir of polarized xenon, the longitudinal relax-
ation time T} of gaseous xenon is of key importance. Fig-
ure 4 illustrates an example of the variation of the xenon
longitudinal relaxation time as a function of the treat-
ment of the NMR tube surface. If regular washing with
water /ethanol/acetone already gives a T} on the order of
20 minutes, by treating the tube wall with the piranha
solution, T} values of about two hours can be reached.
The Surfasil coating [20] after these two steps can lead to
T§ on the order of 4.5 hours (Fig. 4). After several pump-
ing cycles, degradation of the surface coating is observed.
Long relaxation times can be restored by renewal of the
surface treatment.

3.2 Laser polarized 129Xe — 1H cross-relaxation

Due to cross-relaxation, the presence of dissolved laser-
polarized xenon, which is a spin system at very low pos-
itive or negative spin temperature, induces modification
of the polarization of the m spins, I*, that were initially
at thermal equilibrium with the lattice [31]. Noting Q the
vector of dimension 2™ containing any proton spin-order
coherences of the kind 2! [ I¥, and neglecting the het-
eronuclear cross-correlation, the spin dynamics is governed
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by the equation:

d(Q) (R XZ\1Q-Qo
de\s. ) \'Z g )\ S. -5

where Qg is Q at thermal equilibrium, R is the homonu-
clear 2™ x 2™ relaxation matrix, whose elements can be
found for instance in reference [32], and X' is a vector of
dimension 2™, whose m first elements are equal to the het-
eronuclear dipolar cross-relaxation rates o;xg and whose
other elements vanish. Finally 77} is the self-relaxation
time of dissolved xenon. For the remainder of the text
we shall refer to the (2™ +1) x (2™ 4 1) relaxation matrix
as R’. The presence of the term Qg in equation (1) pre-
vents a direct extraction of heteronuclear cross-relaxation
from one experiment. However by acquiring two experi-
ments with the same mixing time 7,,, but different initial
conditions:

(1)

S2(0) # S2(0) (2)
Q'(0) = Q*(0) (3)

and performing a proton difference spectroscopy, one ob-
tains:

1 2
Ik (Tm) - If (Tm) = exp<_Rle)

z

(820 = 520)).
(4)

Equation (4) reduces for short mixing time to:

IE (1) = 15 (7) = =157 (S2(0) = S2(0)). (5)

The low value of the xenon-proton cross-relaxation rate
orrs [9,10,33] relative to any proton relaxation rates pre-
vents the use of equation (5) except for very short mixing
times, but then the signal is expected to be almost unde-
tectable. For longer mixing times, since this rate is small
relative to the proton-proton cross-relaxation rate o,
except if wyr, ~ 1.12, according to equation (4), the signal
enhancements depend on all proton relaxation pathways,
and hence the quantification is difficult. In the basic SPI-
NOE sequence [9], a proton 7 pulse synchronized with the
xenon 7 pulse is applied during the mixing time. In terms
of cross-relaxation, this experiment is then similar to the
QUIET approach [34], which allows one to determine its
efficiency. The spin system is reduced to the two-spin sys-
tem (I*,9) for mixing times that are short relative to
1/op. This is obviously more simple but is still diffi-
cult to exploit. Increasing the number of 7 pulses seems
not suitable due to possible artifacts. An attractive issue
consists of eliminating the proton-proton cross-relaxation
o by off-resonance rf irradiation at the correct angle
09 between the static and the effective magnetic field di-
rection in the rotating frame [35]. This angle is chosen so
that the transverse relaxation compensates for the longi-
tudinal one; obviously this method can only be used for
wrTe > 1.12. In fact, as discussed in the general case in
reference [32], all derivations (Egs. (1-5)) can immediately
be extended to the case of proton irradiation, since it only
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affects the relaxation rates and the term Qq, which is no
longer the value at thermal equilibrium, but becomes the
steady-state one. The effect of the rf irradiation on the
xenon-proton cross-relaxation is to multiply the rate by a
factor cos6?, which ranges between 4/2/3 (case of a big
molecule) and 1. This solution reduces the efficiency of the
polarization transfer by slowing down the heteronuclear
cross-relaxation rates and by also increasing the proton
self-relaxation rate. It, however, presents the advantage of
avoiding the polarization transfer from xenon to a partic-
ular proton to be spread by spin-diffusion to many others.
Moreover, if homonuclear cross-correlation can safely be
neglected, the time dependence of the signal enhancement
of any proton I* generally given by equation (4), can be
obktained simply by considering it as a two-spin system
(I%,S).

3.3 An improved SPINOE pulse sequence

The principle of difference spectroscopy with modifica-
tion of the xenon spin-state is applied in the SPINOE
experiment [9]. However we found that this pulse sequence
gives peaks even in the absence of xenon, and so needed
to be improved. Indeed, in any difference spectroscopy,
peaks observed can be due to variations of chemical shifts,
peak amplitudes or phases. The protocol we use for our
SPINOE experiments consists of freezing the polarized
xenon in the NMR tube above the evacuated solution via
an hollow spinner filled with liquid nitrogen. The tube
then reaches the ambient temperature in a few seconds
in the fringe field of the NMR magnet. Vigorous shak-
ing to introduce fresh laser-polarized xenon in solution
precedes the introduction of the tube into the NMR mag-
net. This last operation can also be repeated before any
SPINOE experiment. Consequently the problems that can
occur are: (i) bad subtraction due to saturation of the ana-
logic/digital converter, (ii) temperature change and/or in-
homogeneity, (iii) temporal and/or spatial variation of the
magnetic susceptibility, (iv) probehead mismatching and
(v) radiation damping.

The last three problems are solved by the use of
frequency-sweep adiabatic pulses on the xenon channel in
the presence of a gradient pulse [36]. Inverting the xenon
magnetization at the beginning of the mixing time every
other FID makes the condition S2(0) ~ —S1(0).

The influence of possible temperature fluctuations as
well as magnetic susceptibility variations on the chemical
shifts are first tested in the absence of polarized xenon.
Moreover a constant delay (30 s) is maintained between
the introduction of the sample inside the magnet and the
beginning of the SPINOE experiment. This period is suf-
ficient to tune and match the probehead circuit, and to
avoid field homogeneity losses due to bubbling.

Obtaining a constant proton spin state (Eq. (3)) at the
beginning of the mixing time is not as obvious, because
(1) the xenon magnetization is not at Boltzmann equi-
librium and so influences the proton coherences, and (2)
the accumulation of the SPINOE signal requires an inter-
scan delay short relative to the xenon T}! and also possibly
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Fig. 5. One of the pulse sequences used to observe laser-
polarized '?*Xe—H cross-relaxation. The thin bars represent
90° proton hard pulses. They are applied by pair with 90°
phase shift in order to provide a better stability (composite
pulse [37]). The xenon inversion is performed by an adiabatic
frequency sweep pulse (CHIRP [38] of 1 ms) synchronized with
a pulsed field gradient [36] of about 5 G/cm. This inversion is
applied twice, in order to avoid variation of the nuclear mag-
netic susceptibility during the acquisition and xenon signal
losses due to diffusion [36]. The difference spectroscopy is ob-
tained by omitting the xenon CHIRP pulses every other FID.
During the mixing time 7, an off resonance rf irradiation on
the protons with adiabatic rotations at its ends [39] can be
applied.

short relative to the self-relaxation time of the proton spin
system. The solution chosen to obtain Q!(0) = Q%(0) in
the sequence of reference [9] is to saturate the protons,
which is unfortunately difficult to setup for a scalar cou-
pled proton system at high field. As shown by equation (4)
saturation is not required, so in the sequence of Figure 5,
the initial conditions can simply consist of a composite
90° hard pulse to avoid the effects of proton pulse mis-
calibration [37] followed by a strong pulsed field gradient.
This makes Q'(0) ~ 0 and is sufficiently stable to have
Q!(0) = Q?(0) after a few dummy scans. Another effi-
cient and stable solution consists in saturating the proton
magnetization by fast succession of phase-shifted 90° hard
pulses, each followed by a pulsed field gradient of arbitrary
value.

Finally to vary the influence of the 'H-'H cross-
relaxation, either proton 7 pulses synchronized with xenon
inversion or a proton off-resonance rf irradiation can be
applied during the mixing time.

With all these precautions, the pulse sequence of Fig-
ure b, is stable for mixing times up to 1.5 s to a level better
than 0.1%.

3.4 Laser polarized 129Xe — 'H cross-relaxation
in water

The two observations reported in the literature of cross-
relaxation between laser-polarized xenon and protons of
a cage-molecule dissolved in an organic solvent represent
two extreme situations. The first one [9] is a-cyclodextrin
in DMSO-d6, for which the previously reported binding
constant with xenon is very low (2 M~! at 298 K) [40].
The second one [10] treats more extensively the case
of cryptophane-A in 1,1, 2, 2 tetrachloroethane-d2, where
a slow exchange with a binding constant greater than
3000 M~! at 278 K and a xenon chemical shift variation
of about 160 ppm were reported [41].
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Fig. 6. (a—c), left: 500 MHz '*°Xe — 'H SPINOE sub-
spectra for a-cyclodextrin in D2O for increasing mixing times
(a: 150 ms; b: 300 ms; c: 600 ms). Right: corresponding '**Xe
signal obtained after a ~ 1° read pulse (acquisition done just
before the SPINOE experiment). For each mixing time, the
two sub-spectra correspond to the results obtained with laser-
polarized xenon produced with opposite direction of the mag-
netic field during optical pumping (lower trace: positive spin
temperature). A constant scaling of the proton and xenon
intensities has been kept. (d) 500 MHz 'H spectrum of a-
cyclodextrin with signal assignment (7' = 298 K).

a-cyclodextrin is a cage-molecule composed of 6 glu-
cose units linked in a1 — 4. This molecule has a truncated
cone shape and is highly soluble in water and able to bind
hydrophobic guests. It forms a complex with xenon in wa-
ter with a binding constant on the order of 20 M~! at
298 K [40]. The correlation time at 288 K is measured to
be 0.48 ns using the method described in reference [32].
Considering a proton-proton distance of 3 A (distance be-
tween H2 and H3), the longitudinal cross-relaxation rate
at 11.7 T and 298 K is estimated to —0.01 Hz, which
is small relative to what is encountered in a protein. This
system consequently represents a convenient model for the
SPINOE experiment in water.

Figure 6 presents sub-spectra obtained with our modi-
fied SPINOE experiment on a sample composed of 0.6 mg
of lyophilized a-cyclodextrin dissolved in 350 ul D2O
(C = 1.8 mM) acquired at 11.7 T and 298 K (medium
size wall NMR tube). From top to bottom, the sub-spectra
correspond to increasing mixing times (a: 150 ms; b:
300 ms; c: 600 ms). Two sets of experiments are presented,
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corresponding to two samples of laser-polarized xenon.
The sign of their xenon polarization is opposite, as the di-
rection of the magnetic field applied during optical pump-
ing is reversed. Obviously we have checked that absolutely
no peak appears in the absence of xenon (not shown). The
phase of the proton SPINOE spectrum and that of the
corresponding ?9Xe peak (right) have been voluntarily
represented identical for sake of clarity, even if, as experi-
mentally observed, the negative sign of the 1?Xe magne-
togyric ratio leads to a 180° phase difference between the
SPINOE spectra and the 'H proton thermal equilibrium
spectrum for a positive xenon spin temperature. Moreover
from one line to another, no additional phase correction
has been applied. Finally no important lack of resolution
(which could be expected in such experiments) compared
to the thermal equilibrium 'H spectrum displayed in Fig-
ure 6d is observed, since, for instance, scalar couplings are
well resolved.

In Figures 6b and 6¢ two in-phase peaks corresponding
to the cyclodextrin H3 and H5 protons are clearly visible.
These protons are located inside the cavity and are con-
sequently expected to present the strongest interactions
with the complexed xenon. Among the experiments 6a—
6c, the best result is obtained for 7, = 600ms (Fig. 6¢
negative xenon spin temperature), which corresponds to
the largest xenon signal, but also to a mixing time that is
not too short relative to the average proton self-relaxation
time (77 ~ 1.2s). In this experiment, the intensity of the

SPINOE signal (I;Cl - Ifz) of H3 relative to its signal after

600 ms of relaxation (I;Cl + 152) is on the order of 1.9%,
i.e. more than one order of magnitude larger than the
stability level of our modified SPINOE experiment. For
the experiment of Figure 6, the NMR tube contained a
pressure of about 1.2 bar of isotope enriched (96%) xenon
with an estimated polarization of about 15%. Not shown
here, another successful experiment has been performed
on the same molecular system at 288 K and 14 T us-
ing and not using off-resonance rf irradiation during the
mixing time. Three bars of isotope enriched xenon with a
polarization on the order of 7% served for this SPINOE ex-
periment with an a-cyclodextrin concentration of 5 mM.
All these experiments represent an enhancement of the
xenon signal by about two orders of magnitude relative
to the previously reported attempt to detect 29Xe—'H
cross-relaxation in a-cyclodextrin in water [33]. As a con-
sequence, to obtain a SPINOE signal that can be distin-
guished from artifacts or thermal noise, the present study
reveals that it is unavoidable to resort to xenon polariza-
tion above 5% and either isotope enrichment or pressures
above 2 bars.

The absolute intensity scaling both for proton and for
xenon in Figures 6a—6¢ gives a good idea of the difficulty
of a direct quantification of the SPINOE interaction, as
the proton peak intensities depend not only on the mix-
ing time, but also on the xenon magnetization, which is
obviously not a constant value. Nevertheless in an attempt
to go further in the quantification procedure, after correc-
tion of the proton SPINOE peak intensities by the corre-
sponding xenon signal, we have measured magnetization
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Table 1. Xenon-proton cross-relaxation rates extracted from
Figure 6 for positive and negative xenon spin temperature.
The rates are expressed in Hz for a xenon magnetization equal
to that of Figure 6¢ top trace. The uncertainties on the rates
derived by using equation (5) are on the order of 10% and
principally result from the intensity error on the data at 150 ms,
which is on the order of 50%.

Xenon spin temperature

proton positive negative
H3 46x107% 4.0x1073
H5 49x%x 107 53x1073

build-up curves for both sets of experiments. The relax-
ation rates, summarized in Table 1, are expressed in rela-
tive units rather than in HzmM ™!, to avoid large uncer-
tainties resulting from the lack of precision in the xenon
magnetization measure. The results reveal a good agree-
ment between the two sets of experiments. The difference
in the cross-relaxation rate values given between the left
and the right columns correspond to a 2% error for the
Xe—-H3 distance and 1.5% for Xe-H5. The average Xe-H3
distance is 7% bigger than Xe-Hb5, allowing via triangu-
lation the determination of the average location of the
noble gas atom inside the cavity. Even if proton-proton
cross-relaxation is expected to have a relatively weak in-
fluence for this system, in Figure 6¢ top trace, protons H2
and H4 can be discerned. Their intensities are larger than
expected for a direct xenon-proton cross-relaxation if one
assumes that dipolar contribution arises only from xenon
located inside the cavity. Indeed they lead to Xe-H2 and
Xe—-H4 distances which are 1.5 and 1.4 times bigger than
Xe-H3 while any molecular model would conclude that
the distance ratios are about 2. This illustrates how spin-
diffusion can alter the direct quantitative interpretation
of SPINOE experiments, especially as the observation of
these intermolecular interactions needs long mixing times.

4 Conclusions

An experimental setup designed to prepare laser-polarized
xenon for liquid-state NMR, applications is described. It
allows the preparation, in regular NMR tubes, of samples
with pressure up to 4 bars of laser-polarized xenon with
a useful polarization inside the spectrometer above 5%,
while most of the similar applications range between 1
and 2% polarization [33,43]. Thanks to surface coating of
the NMR tubes very long self-relaxation times (around
4.5 hours) are measured for gaseous xenon.

This laser-polarized xenon has been used in SPINOE
experiments modified to avoid artifacts resulting from
transient effects, pulse miscalibration, radiation damping
and nuclear susceptibility changes. The stability of this
new implementation and the high xenon nuclear polariza-
tion enable the first direct observation of a polarization
transfer between laser-polarized xenon and protons of a
solute molecule in water where xenon solubility is low.
This study shows that observation of proton signal en-
hancement requires very large xenon magnetization and
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then strong constraints on the production. As a conse-
quence, firstly new gas transfer conditions towards the
liquid NMR sample should allow us to increase the useful
xenon magnetization. Secondly, since polarization above
5% is required, we are trying to improve our average xenon
polarization in two complementary directions: (i) by us-
ing a new solenoid design to prevent signal losses dur-
ing the condensation; (ii) by characterizing the optimal
pumping conditions (nitrogen and xenon pressures, tem-
perature and pumping duration) thanks to the systematic
use of an home-built CW spectrometer working in situ.
Still, this approach opens the way to the study and the
characterization of hydrophobic cavities using dissolved
laser-polarized xenon. As already pointed out [10], the
derivation of structural information from xenon-proton
cross-relaxation rates will become problematic for large
molecules such as proteins due to spin-diffusion. One of
the solutions, which is under evaluation in our laboratory
and already seems promising, consists in the cancellation
of proton-proton cross-relaxation thanks to a proton off-
resonance rf irradiation.

In the development of this experiment we have been advised
by Jean-Claude Berthet for the choice of the glassware, Claude
Fermon for the coils design, Gérard Francinet for diverse elec-
tronic devices, Pascal Leverd for handling the rubidium in a
glove box, and Vincent Huc and Serge Palacin for coating the
glassware surfaces. They are all colleagues from CEA /Saclay.
We thank them warmly. We finally acknowledge Lucy Bull for
a careful reading of this manuscript.
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