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Herein, we demonstrate magnetic resonance imaging
(MRI) in the gas phase using para-hydrogen (p-H,)-induced
polarization.”! A reactant mixture of H, enriched in the para
spin state and propylene gas is flowed through a reactor cell
containing a heterogenized catalyst, Wilkinson’s catalyst
immobilized on modified silica gel. The hydrogenation
product, propane gas, is transferred to the NMR magnet
and is spin-polarized as a result of the ALTADENA
(adiabatic longitudinal transport and dissociation engenders
net alignment) effect.”! A polarization enhancement factor of
300 relative to thermally polarized gas was observed in 1D
'"HNMR spectra. Enhancement was also evident in the
magnetic resonance images. This is the first demonstration of
imaging a hyperpolarized gaseous product formed in a
hydrogenation reaction catalyzed by a supported catalyst.
This result may lead to several important applications,
including flow-through porous materials,** gas-phase reac-
tion kinetics and adsorption studies, and MRI in low fields,
all using catalyst-free polarized fluids.

Gas-phase MRI suffers from the problem of low sensi-
tivity, which makes it difficult to image void spaces such as
those in the lung and in porous materials. This limitation has
led to the use of hyperpolarized gases!® such as 'Xe, *He,
and, more recently, ¥Kr. Other approaches have used fast-
relaxing inert fluorinated gases!” or higher gas pressures.'”!
Hyperpolarized noble gases and polarization instruments are
generally expensive.
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Another method for producing hyperpolarized fluids is by
using para-hydrogen,” which has a zero total nuclear spin
angular momentum (I=0) and is therefore not detectable in
an NMR experiment. Mixtures enriched with one of the spin
isomers provide large non-equilibrium nuclear spin order.
This enhanced spin order can be converted into an enhanced
NMR signal if the enriched ortho-/para-hydrogen mixture
participates in a hydrogenation reaction that breaks the
symmetry of the original H, molecule. If the hydrogenation
reaction preserves the spin correlation between the protons,
this correlation can be converted into a strong observable
nuclear spin polarization.

The method is not limited to protons only, as polarization
transfer mechanisms!"!! can be employed to polarize other
nuclei as well, such as the slowly relaxing '*C. Contrast agents
based on p-H, polarization have indeed been demonstrated™?
and provide high-quality, angiographic C MR images of the
blood vessels in animal models. However, these experiments
were conducted in the liquid phase and the polarized fluid is
contaminated with the homogeneous catalyst, which often
poisons the animal. An exception is the work reported by
Bhattacharya et al.,l'”! whereby the catalyst was recovered
before the polarized fluid was injected into the subject.
However, catalyst recovery is not straightforward for all kinds
of catalysts. Furthermore, the lifetime of the polarized state is
often short, typically on the order of a few seconds for 'H;
thus, elaborate recovery procedures can easily destroy the
polarization.

Heterogeneous catalysis avoids these problems. The
catalyst can be fixed in place, for example, immobilized on
a solid matrix,[™! and thus, produce a stream of polarized,
catalyst-free fluid. The catalyst is not used up and can be
reused with the next batch of reactants, which saves on cost
and eliminates potential problems associated with contami-
nation of the fluid by the catalyst.

We have recently reported™ the creation and observation
of para-hydrogen-induced polarization in heterogeneous
hydrogenation reactions. These results verified the preserva-
tion of the nuclear spin correlation and also give essential
insights into the reaction mechanism: most importantly, that
the homogeneous catalyst does maintain its reaction mech-
anism upon immobilization.

Herein, we report the first demonstration of signal
enhancement in gas-phase imaging with the use of a
supported catalyst. We demonstrate gas-phase proton imag-
ing of the hyperpolarized product resulting from para-hydro-
genation of a substrate molecule, in our case, propylene
(CH;—CH=CH,). The reaction is catalyzed by heterogenized
Wilkinson’s catalyst supported on modified silica gel ([RhCl-

Angew. Chem. 2007, 119, 4142 -4146



(PPh;),PPh,(CH,),]-SiO,) and results in the formation of
propane (CH;CH,CHj;). The p-H,-derived protons in propane
(labeled as H, and Hy in Scheme 1) preserve their nuclear
spin singlet state,?*” (| af)— | fa))//2, characterized by anti-

[RhCI(PPh3)s]

P(Ph),RhCI(PPhz);

b) H H
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Scheme 1. a) Schematic of the preparation of the supported catalyst
used in the study. b) Para-hydrogenation of propylene to form propane
gas (the protons from p-H, in propane are labeled H, and Hyg).

symmetric spin correlation. The reactant-product mixture is
then adiabatically transferred to the high field of the NMR
magnet, leading to preferential population of the | af3) (or the
| Ba)) state, an experimental scheme referred to as ALTA-
DENA Pl The resulting NMR signal is enhanced compared to
what is achievable with thermal population of spin states.
The enhancement is commonly evaluated with respect to
the thermal equilibrium state. The signal intensity obtainable
from the thermal state depends on the magnetic field strength
and temperature and is proportional to AyB/k T (h: Planck’s
constant; y: magnetogyric ratio; B: magnetic field; k:
Boltzmann’s constant; 7: temperature). Therefore, even
though the p-H,-derived polarization is field-independ-
ent,>1 the enhancement does depend on the reference
field for the thermal state (assuming constant 7). For
example, for a 10 T field the enhancement can be about 3 x
10*, and for the earth’s field it can be much bigger (=~ 6 x 10°).
The nuclear spin states in the ALTADENA experiment
can be characterized in terms of density matrices and product
operators."'7) Hydrogenation takes place in the catalytic cell
that is placed in the earth’s magnetic field (~0.5 G), where
the thermal equilibrium spin density matrix is a mixture of the
singlet state (S,) and equal amounts of each of the three
triplets (T, T;, and T_;); these states are in fact the
eigenstates of the earth’s field nuclear spin rotating frame
Hamiltonian [Eq. (1)], where J is the scalar coupling constant

%}low =2nJ (Ix Sx + Iy Sy + Iz Sz) (1)

between the protons and I and S represent the angular
momentum spin operators for the two nuclear spins. In the
rotating frame, the Zeeman terms are small in the earth’s field
and are therefore neglected. This low-field Hamiltonian
corresponds to an A, spin system.

The singlet and triplet eigenstates are defined as fol-
lows: 31§ = [S)(So |, To=|To)(Ty|, Ti=|Ty)(T|,and
T, =|T )(T,|, where [S)=(laB)-|pa)/V2. |To)=
(lop)+Ipa))/v2, | T,) =|aa), and | T_;)=|Ppp). If the molar
fraction of the singlet in the hydrogen mixture is s, the density
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matrix after hydrogenation will comprise a fraction s of the
spin singlet and 1—s of a balanced mixture of the three spin
triplets [Eq. (2)] and can be expressed in product operator
terms as shown in Equation (3).

Prow =85S+ (1=5) (To+ T, +T,)/3 2

Prow = 1/4+ (1_4S)/3 (Ixsx+IySy+IzSz) (3)

Clearly, this is a non-equilibrium state. Compared to the
thermal equilibrium state [Eq. (4)] (e=hyB/kT), the coef-
ficient of the polarization terms in p,,, lies between —1 and 1,
implying enhancement factors of up to about 1/e.

peq:1/4+£(lz +Sz) (4)

As propane is adiabatically transferred to the high field of
the magnet, the Hamiltonian gradually transforms to its high-
field form [Eq. (5)], with f; and f, corresponding to the
magnetic-field-dependent offset frequencies of protons H,
and Hg.

ﬂ#highzzn(fl lz+f252,+‘llzsz) (5)

This high-field Hamiltonian is accurate under the con-
dition that |f,—f,|>|J| and corresponds to an AX spin
system. The eigenstates of /'y, are |aa), |af), |Pa), and
|BB).

According to the quantum adiabatic theorem,'® the
overall quantum state must conserve its respective projections
onto the instantaneous eigenstates of the transforming
Hamiltonian. One can show™ ' that as the field is adiabati-
cally increased, |S,) and |T,) transform into |af) and |Pa)
(or vice versa, depending on the sign of (f,—f,)/J). This implies
that the spin populations in the state |S,) (| T,)) will be
carried over into state |af) (| fa)). Consequently, in a high
field, the spins of H, and Hy in propane will be in the state
described by Equation (6).

Prign=s|aP) (@] + (1=s)/3 (|Ba) (Pa| + |ac)(aal + BB (BA]) ©)

=1/4—(1-45)/61, + (1-45)/6S, + (1—45)/31, S,

(For convenience we assume that | S,) maps into | o) and
that | T) maps into |Ba).) However, the polarization in oy,
is still non-observable, therefore the state must be rotated
with a radiofrequency pulse with a certain flip angle, 6. From
the rotated state, one can deduce the expected multiplet
pattern.'® In our case, the expected spectrum is proportional
to that shown in Equation (7), where each term represents the
relative intensity of the individual lines in the multiplets, with
the leftmost two representing the first (I) and the rightmost
representing the second spin (S). For example, with a 6 = /4
nutation pulse, the expected spectral pattern is proportional
to [0.3, 1.7, —1.7, —0.3]. This prediction is in agreement with
the experimental observation.

sin [(1—cosh), (1 + cosh), (—1—cosh), (—1 + cosh)] (7)

For our experiments, a hydrogen mixture enriched in the
para spin state (50% p-H,) was produced by passing pure
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hydrogen gas through a tubular cell that was packed with
FeO(OH) and immersed in a Dewar flask containing liquid
N,. The ortho/para ratio was verified by measuring the NMR
signal intensities of H, in a cell packed with porous alumina
(y-ALO;; the method is detailed elsewhere'¥). An aluminum
cylinder was filled with the para-enriched H, to 80 psi, and
propylene was then added to a total pressure of 100 psi
(Scheme 2). Consequently, the volumetric composition in the
reactant mixture was 20 % propylene, 40 % p-H,, and 40 % o-
H,.

catalytic
> > cell
R A » vent
Y T
heat —
exchanger|
ortho/ —
para cat. . A
tom
H; 77K propylene  H,/ pren u

propylene

Scheme 2. Flow diagram for the gas-phase experiment. The red arrows
(A) represent the flow of the H, gas, the green arrows (B) represent
the flow of propylene, and the blue arrows (C) depict the flow of the
H, and propylene mixture. Normal H, (25% para) flows through an
o/p catalyst, FeO(OH), held at 77 K to produce a stream of 50% para-
H,, which is then stored in the small cylinder, to which propylene is
added. This experiment used a sample of 40% ortho-H,, 40% para-H,,
and 20% propylene with a total pressure of 100 psi. A mixture of
propylene and para-enriched H, flows into a catalytic cell containing
catalyst supported on silica gel and held at 70-150°C. The product,
propane, as well as unreacted propylene and H, flow into the magnet,
resulting in ALTADENA polarization of the propane. The gas flows
through a 1/16 inch (~0.16 cm) capillary to the bottom of the NMR
tube and up through a phantom, either a cross shape or a random
packing of 1/16 inch (~0.16 cm) capillaries. A cross section of the
latter is shown.

The supported catalyst was prepared*!*?] by the addi-
tion of an approximately stoichiometric amount of 2-diphen-
ylphosphinoethyl-functionalized silica gel to a solution of
Wilkinson’s catalyst in toluene (Scheme 1). The solution was
stirred overnight, and the catalyst was filtered, washed with
toluene, and dried under vacuum at room temperature. All
the chemicals used in the synthesis were obtained from
Sigma-Aldrich and used as received. All manipulations with
the catalyst were performed under nitrogen gas atmosphere.

A sample of the catalyst (~0.1 g) was packed between
plugs of glass wool inside a 15-cm-long section (6 inch) of
copper tubing (d ~0.32 cm (1/8 inch)), bent into an S-shaped
catalytic reactor. The reactor (polarizer) was held at a
temperature of approximately 150°C. The gas mixture
flowed through the catalytic cell and then through Teflon
tubing (d ~0.32 cm (1/8 inch)), which finally transitioned into
a Teflon capillary (d~0.16 cm (1/16 inch)) ending at the
bottom of a 10 mm NMR tube. The tube was placed inside the
high field of a vertical bore, 300 MHz NMR magnet (Varian
Inc.) equipped with imaging gradient coils. The phantoms
were placed near the bottom of the NMR tube and held in the
sensitive region of the detector.
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Figure 1. "H NMR spectra of a) fully relaxed and thermally polarized
mixture of propylene and propane acquired 2 min after stopping the
flow, b) propylene under flowing conditions, and c) a mixture of
propylene and the polarized propane gas under flowing conditions and
with heating of the catalyst. The peaks from the p-H,-derived protons
and the CH, peak in the unreacted propylene are marked in spec-
trum (c). Spectra (a) and (b) have been magnified 60 times.

The 'HNMR spectra are shown in Figure 1. Figure 1b
shows the spectrum of propylene acquired under flowing
conditions and before any reaction was performed. The
reaction was then carried out by heating the catalytic cell. The
emissive and absorptive ALTADENA peaks and the smaller
peaks from the unreacted propylene appear in the resulting
spectrum (Figure 1c¢). This latter spectrum was also acquired
under flow conditions. The propylene peaks correspond to
partially relaxed thermal polarization and are much smaller
compared to the ALTADENA peaks and serve as an internal
intensity reference. In another experiment, the catalytic cell
was maintained at high temperature, the gaseous mixture of
reactants and product was transferred to the NMR tube, and
the flow was stopped. Figure 1a shows the resulting spectrum
acquired two minutes after stopping the flow. Owing to the
long residence time in the NMR tube, complete thermal
equilibration can be assumed; the spectrum illustrates the
maximum amount of obtainable thermal polarization. Fur-
thermore, by comparing the signal intensity per proton
between propane (product) and propylene (reactant), we
estimate the reaction yield to be about 5%. The spectra
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acquired in the flowing and stopped-flow conditions are
different, reflecting the different pressures and the extent of
thermal equilibration achieved during the transit and resi-
dence times in the magnet.

Images of gas flowing in the void space surrounding the
phantom were acquired using the pure phase-encoding
protocol.! The pulse sequence consisted of a 45° radio-
frequency nutation pulse, tipping i, into the observation
plane.'” The detectable terms were then spatially encoded by
a 200-ps-long phase-encoding gradient pulse. The free induc-
tion decay was subsequently acquired in the absence of any
gradient. This sequence was repeated for 21 x 21 steps of the x
and y phase-encoding gradients. The maximum phase-encod-
ing gradient pulse amplitude was 70 Gem™'. The frequency
components of interest were then selected for the generation
of the image. The field of view was 12 mm x 12 mm, which
resulted in an in-plane spatial resolution of 0.57 mm x
0.57 mm. The thickness of the image plane (along the z
direction) was 10 mm.

The signal from one of the ALTADENA peaks was
integrated to generate the ALTADENA image shown in
Figure 2c and e. The signal-to-noise ratio, as measured
directly from the magnitude image (average signal in the
gas space divided by the standard deviation of noise located at
the edges of the field of view), was 150 in the channels of the
phantom with the weaker signal and 200 in the channel
exhibiting the strongest signal. In Figure 2 ¢, no signal is seen
in the 0.16 cm (1/16 inch) capillary because of the higher flow
velocity in it. The strongest signal is seen in the channel
opposite to the capillary because a higher fraction of the
incident gas is deflected by the round bottom of the glass
NMR tube into the opposite channel. The total scan time was
8 min, owing to the long recycle delay of 1s, but could be
optimized.

The geometry can be compared to the conventional MRI
image, where the void space surrounding the phantom was
filled with water (Figure 2a). Also shown in Figure 2b and d is
the thermally polarized signal obtained by integrating the
CH, peaks of the unreacted propylene (also marked in
Figure 1b). The resulting image exhibits almost no signal
except for a slight zero-frequency artifact. This means that
compared to the ALTADENA peaks, the thermal polar-
ization is exceedingly low. As a second phantom, we used a
random packing of capillaries mimicking a porous medium.
The images reconstructed from the unpolarized propylene
and ALTADENA-polarized propane peaks are shown in
Figure 2d and e.

The exact amount of polarization enhancement compared
to other proton resonances is difficult to obtain directly from
these images because of the poor signal in Figure 2b and d.
The ALTADENA signal yields image signal-to-noise ratios of
150-200. From the data of Figure 1 a, we estimate the reaction
yield to be 5% (1/20). The enhancement factor is obtained
from the reaction yield and knowledge of the amount of
thermal repolarization that is found by comparing the total
signal per proton between the stopped-flow and flowing
spectra in Figure 1a and b. We estimate that during flowing
conditions, the propylene peaks are polarized to only about
50% of their thermal equilibrium value. From the data in
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Figure 2. a) High-resolution water proton image for a thin cross-sec-
tional slice through a cross-shaped Teflon phantom. The circle depicts
the Teflon tube (0.16 cm or 1/16 inch) which delivers the gas.

b) Propylene gas phase image based on the signal intensity from the
CH, peak. c) ALTADENA image from the propane CH; peak. Parts (b)
and (c) were reconstructed from the same experiment and are plotted
with respect to the same color scale. Images (d) and (e) correspond to
a phantom consisting of a random packing of capillaries to demon-
strate gas-phase MRI through a porous medium.

Figure 1c, the ratio of peak areas for ALTADENA-enhanced
propane protons to thermally polarized propylene protons is
about 30:1. The enhancement factor is therefore 30 x 20 x 1/
2 =300, an enhancement of two orders of magnitude relative
to the thermally polarized gas.

It is also important to note that these experiments were
not optimized. The imaging experiments, for example, could
use more efficient pulse sequences, which include shorter
recycle times!"! and frequency-selective pulses® that excite
only the ALTADENA resonances followed by frequency-
encoded readouts or even one-shot readouts. Further opti-
mizations to the polarizer could be made by maximizing the
surface-to-volume ratio of the supported catalyst bed or by
adjusting the flow velocity, temperature, and pressure of the
reaction. We note that the enhancement factor of 300 is
considerably less than the theoretical ALTADENA enhance-
ment expected from 50% polarized p-H,. This is due to a
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combination of the short 7T relaxation of propane protons
caused by the spin-rotation interaction,” the dipolar relaxa-
tion in the intermediate dihydride, and relaxation during
contact of the polarized product with the porous catalyst
support.

A broader range of applications of this heterogeneous
reaction would be possible if the gas were condensed into a
liquid by cooling following the hydrogenation. Because the
singlet state of p-H,-derived product can be preserved for
very long periods of time in the earth’s field,*!! the product
can be stored prior to its usage. At the time of use, the
hydrogenated substrate can be transported to the high
magnetic field (ALTADENA effect) or suddenly dephased
by a non-adiabatic field to create the incoherent I, S, state for
subsequent use in low magnetic field environments. It is also
possible to transfer polarization to *C nuclei™ for lifetime
enhancement and then transfer it back to 'H nuclei for
detection. Applications to medical imaging,® such as lung
imaging, are also possible if issues of gas toxicity can be
addressed. A further threefold enhancement (see Equa-
tion (3)) in the signal intensity is also achievable by using
100 % p-H,.

In summary, we have illustrated the application of p-H,-
induced polarization with a supported catalyst to magnetic
resonance imaging in the gas phase. Situations in which
polarization enhancements can be envisaged include micro-
fluidic flow, imaging of lungs and other porous materials, as
well as MRI in low magnetic fields.
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