JIAICIS

ARTICLES

Published on Web 01/17/2007

About Long-Lived Nuclear Spin States Involved in
Para-Hydrogenated Molecules
Daniel Canet,*T Sabine Bouguet-Bonnet, Christie Aroulanda,™ and
Francesca Reineri*

Contribution from the M#hodologie RMN (UMR CNRS-UHP 7565), Nancy-Lémsite
Facultedes Sciences, BP 239, 54506 Vandoetles-Nancy Cedex, France, and Uarsita
degli Studi di Torino, Dipartimento di Chimica I.F.M. and Center for Molecular Imaging,

Via P. Giuria 7, 10125 Torino, ltaly

Received September 4, 2006; E-mail: daniel.canet@rmn.uhp-nancy.fr

Abstract: This study deals with a spin system constituted of three nonequivalent protons, two of them
originating from para-hydrogen (p-H.) after a hydrogenation reaction carried out in the earth magnetic field.
It is shown that three singlet states are created provided indirect (J) couplings exist between the three
spins, implying hyperpolarization transfer toward the third spin. Upon insertion of the sample in the NMR
(Nuclear Magnetic Resonance) high field magnet, the following events occur: (i) the longitudinal two-spin
orders which are parts of the singlet states survive; (ii) the other two terms (of these singlet states) tend to
be destroyed by magnetic field gradients but at the same time are partly converted into differences of
longitudinal polarizations. Nuclear spin relaxation is studied by appropriate NMR measurements when
evolution takes place in the high field magnet or in the earth field. In the former case, relaxation is classical
although complicated by numerous relaxation rates associated with both longitudinal two-spin orders and
longitudinal polarizations. In the latter case, an equilibration between the singlet states first occur, their
disappearance being thereafter driven by relaxation rates which remain very small because of the absence
of any dipolar contribution. Thus, even in the case of a three-spin system, long-lived states exist; this
unexpected property could be very useful for many applications.

Introduction experimental procedures: hydrogenation performed inside the
As it is well-known and well documentéd a dramatic magnet (the PASADENA experiment) or outside the magnet

increase of sensitivity in NMR spectroscopy can be achieved ("€ ALTADENA experiment). In this paper, we shall concen-

by hydrogenation wittpara-enriched hydrogen provided that, trat(; on the ALTA_DENA_‘ experimellr_]t. | h .
in the product, the two hydrogen atom& and B) occupy The above considerations are valid as long as the spin system

nonequivalent positions. This phenomenon is known as PHIP of the hydrogenated molecule is solely constituted by the two

(ParaHydrogen Induced Polarization), and very often one usesProtonsA andB. As soon as a third spirj) is added,)-coupled

the term hyperpolarization. The enhandétiNMR spectrum  ©© A and B, complications occur. One generally observes
is generally supposed to appear in the form of two antiphase hyperpolarization transfers toward the third spin. This feature

doublets (of splitting equal to tha coupling betweerA and has been essentially exploited in cases where the third spin is
9 .

B), which originate from a longitudinal two-spin order which a heteronucl_eu‘i; 'V'Ofeo‘{eﬂ In some 2asBes,gurther transfers

is defined as toward longitudinal polarizations (i.ely, 1, 1;) can occur.

This has been reported quite recettlgincein phasespectra

(resulting presumably from a 9(@ulse) are invariably shown.

Lyg= 1212 1) Y A i o
zz It has been stated in this publication that the time at which this

Owing to the fact that a radio frequency pulse “rotates” the (3) Canet, D.; Aroulanda, C.; Mutzenhardt, P.; Aime, S.; Gobetto, R.; Reineri,
spin operators, this longitudinal two-spin order can only be (4) E‘iscte?lg(é?\?rt]isd!w'&rlgg.;R&Z%%Oo()rlaaééﬁ.?IZE]i-;:r?n(iberg,]RAm. Chem. Soc.
observed by a pulse of flip angle different from °9¢the 1989 111, 7267-7269.
optimum being a 45pulse) leading, among other things, to () Barkemeyer, J.; Haake, M.; BargonJJAm. Chem. S0a995 117, 2027

the two observable quantitiéd? andl;I? (the radio frequency ~ (6) TségéfééJszS%gedletzky, 0.; Barkemeyer, J.; Bargod, Magn. Reson.

field being supposedly able to act along thexis of the frame (7) Stephan, M.; Kohlmann, O.; Niessen, H. K.; Eichhorn, A.; BargoMagn.
in which the above quantities are definédjhere exist two Reson. Chen002 40, 157-160.
(8) Aime, S.; Gobetto, R.; Reineri, F.; Canet, D.Chem. Phys2003 119,
t ] ] 8890-8896.
Nancy-Universite (9) Aime, S.; Gobetto, R.; Reineri, F.; Canet, D.Magn. Reson2006 178
* Universitadegli Studi di Torino. 184-192.
(1) Natterer, J.; Bargon, Prog. NMR Spectrosd 997 31, 293-315. (10) Jonischkeit, T.; Bommerich, U.; Stadler, J.; Woelk, K.; Niessen, H. G.;
(2) Duckett, S. B.; Sleigh, C. Prog. NMR Spectrosd 999 34, 71-92. Bargon, JJ. Chem. Phys2006 124, 201109.
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HO and 10uL of solute. Para-enriched hydrogen is obtained by storing
H o normal hydrogen at 77 K in the presence of activated charcoaH8r 2
0 * H h
p-H ¢ :
H%< 2 > ) NMR Spectroscopy.The NMR spectra have been recorded at room
o) HE Hy temperature on Bruker DRX400 high-resolution spectrometer operat-

Figure 1. Sketch of the hydrogenation process (by para-enrichgdH ing at 9.4 T and ngpped vata 5 mmTBI Z probe. A typlcgl
propiolic acid (Sigma, CAS 471-25-0) homogeneously catalyzed by rhodium measureme.n.t .COI’].SIStS Of_ two successil®andz/2 read pulses with
complex catalyst (Sigma, CAS 79255-71-3). Because of the absence of Signal acquisition immediately after each pulse.

J-coupling with the labile acidic proton, one ends up with@upled three-
spin system which permits polarization transfefsoupling values are:
Jag = 10.5 Hz,Jpc = 17.2 Hz,Jgc = 1.8 Hz.

Theory

We are going to treat the problem with the help of the density
operator which represents the spin states of the ensemble of
Ghe spin systems. As it is an operator, it can be expanded on an

iate basis, f le, the basis of product tors.
called long-lived (or long-standing) nuclear spin stdfe? appropna’e BAsIS, 10r Sxample, the basis of proctict operators

Th | lived stat inalet stat hich. in th fIn that way, if we denote by the density operator corre-
ese long-iived stales are singlet states which, in the case 0sponding to the two equivalent protoAsindA’ of p-H, (which
the two A and B spins, correspond to the wave function

. will becomeA andB after hydrogenation), one has
1/V/2(0pB8 — Bacts) and can be represented by the following

spectra are recorded (after the hydrogenation reaction) leads t
the determination of the relaxation time pertaining to the so-

linear combination of product operators 0y = KSx (3)
Se=FEl4— (|§|E + |>/j|yB + |ZA|ZB) = K being the p-H enrichment factor.
1 ae  Am n We have previously showWi how, at the outcome of the
E/4 — §(|+L +I1215) + 1515 (2) hydrogenation reaction, hyperpolarization can be transferred to

other spins belonging to the system (i.e., involved inrcaupling
network) in which are embedded the two protons originating
from p-H,. As we are dealing with the ALTADENA experiment,
the three homonuclear spins are actually magnetically equivalent
because, in the earth field, the differences in resonance frequen-
cies are smaller than the line width. In this case, it can be shown
that the useful part of the new Hamiltonian reduces tohe
coupling terms and is able to create the three singlet s&atgs
Sac, andSsc in proportions depending in a complicated manner
on the variousJ coupling values.This is the basis of the
hyperpolarization transfer procesdong with the fact that the
density operator must commute with the Hamiltonian. In order
to make this statement more explicit and according to what has

whereE is the identity operator (which, anyway, will not affect
the forthcoming calculations), while. and |- represent the
raising and lowering operators. (In order to understand this latter
property, we can construct the matrix associated \8ifkion
the following basis:oaoe, 1vV2(0a8e + Satts), 1V 2(0bs —
Bros), BaPe, and verify that the only nonzero element is the
diagonal element corresponding to the third function of this
basis.)

In this communication, we would like to present our own
experiments dealing with para-hydrogenation of propiolic acid
(see Figure 1), a molecule which belongs to the same family as

hat of ref 10. In this three-spin m, we shall demonstr . . h .
that of ref 10. In this three-spin system, we shall demonstrate been done in previous papérsjt can been noticed that the

that anti-phase doublets (arising from a longitudinal two-spin .
order as explained above) are indeed observed by means of é:lensny operator must reach a steady state when the hydrogena-

45 pulse, superposed to in-phase multiplets. In the case of atlon reaction is completed. The density operator at that moment,

90° pulse, the longitudinal two-spin orders are evidently filtered denoted by, must fulfill the following commutation equation.
out and only in-phase multiplets are visible as in ref 10. A [0, H] =0 4)
qualitative theory will explain how, starting from singlet states,

the spin system is able to switch to longitudinal two-spin orders H js the Hamiltonian governing the spin system and here
and longitudinal polarizations.

H=H;=J5(E/4 — Sp) + Iy (E/4— S0 +

‘JBC(E/4 - SBC) )

Postulating that is a linear combination of singlet states (other
guantities would not satisfy eq 4), we can write

Experimental Section

Sample Preparation.The solutes are commercially available from
Sigma and the perdeuterated solvent froRurisotop All these
compounds have been used without further purification. The reactions
have been directly performed in 0.d. 5 mm NMR tubes equipped with
Young valves and connected to a vacuum/hydrogen line. The hydro- —
genation process is homogeneously catalyzed. It has to be carried out 1= Xag5he T XacShe + XacShe (©)
in two steps, as the catalyst has to be activated before being used. Thus
the Rhodium complex (CAS 79255-71-3), dissolved in acetnés
first activated by hydrogenation using normal hydrogen at ca. 1.4 bar.
The solute is then added and hydrogenated using para-enriched . _ . _
hydrogen at ca. 1.4 bar. The sample has to be carefully degassed before(JAB Je¥ne T (Joc = JadXac T (Jag = Jad¥ec =0 (7)
the introduction of hydrogen at each step of the reaction. A typical
sample is prepared using about 2 mg of precatalyst;&56f solvent,

InsertingoiandH in eq 4 and noticing further thagg,Sac] =
—[SaB.Ssc] = [Sae:Ssq], we arrive at the following equation

Two further conservation equatichaould lead to the actual
calculation ofxag, Xac, andxgc (which are anyway proportional
(11) Carravetta, M.; Johannessen, O. G.; Levitt, M.PHys. Re. Lett. 2004 to K), but this is not the goal of the present study.

92 153008. The next step to be envisioned is the insertion of the sample

(12) Carravetta, M.; Levitt, M. HJ. Am. Chem. SoQ004 126 6228-6229. . . X o X
(13) Carravetta, M.; Levitt, M. HJ. Chem. Phys2005 122, 214505. into the NMR probe (and thus in a high magnetic field), possibly
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after a period during which it remains in the low magnetic field assessed. In the present case, we can anticipate that the following
(this will be considered below). Anyway, the question is to quantities could be observedl, — 150 I} — IS0 @I — 150
determine what is the fate of any singlet state upon this insertion. The estimation of their relative proportion is however beyond
Experimentally, an NMR signal is observed and it is a simple the scope of the present study. Anyhow, at the time of the NMR

matter to show that it cannot result from a singlet state (say
Sap). For that purpose, let us consider a radio frequency pulse
of flip angle # acting along thex direction. From thelJ1>
quantity, it yields as observable quantities 8icos (1,17 +
I219), whereas from{I7 one obtains-sin 6 cos6(117 + I)12)
that is zero as a net resulBg cannot lead to a net NMR signal.
Thus, what is experimentally observed originates either from
I212 or from I17. It can be noticed that a signal would also be
observed fromJ17 + KIJI? with [k| < 1. The explanation of
the experimental observations lies in the fact that the sample,
when it reaches its final position at the magnet center, has
traveled across magnetic field gradients which tend to destroy
all transverse quantities, especiafy; andI{1? (their fate will
be discussed later), without obviously affectitfljf. Thus, if
we only consider the longitudinal two-spin ord&i®, this
means that, when the sample arrives at its final position, the
density operator can be written as

03 = Zpglag T Zackac 1 Zeclac (8)
The values of the coefficientgg, Zac, zsc depend on a possible
waiting period outside the magnet.

We still have to explain the appearance of enhanced
longitudinal polarizations. Although the effect of chemical shift
anisotropy (csaydipolar cross-correlation rates could be in-
voked!*15the systematic occurrence of in-phase multiplets (as

indicated above) lends itself to another explanation independent

of molecular properties. As a matter of fact, the creation of the
quantity I} — I2C(where brackets denote “expectation value”)
has been mentioned befdréf, for the sake of simplicity, we
limit ourselves to &AB two-spin system, we can relatively easily
account for this feature: starting from the Liouvitgon
Neumann equation and calculating the relevant commutators,
we arrive at

dgt[uf — 120= —23, 10 — 19170 (9a)
d Jng
a[ﬂﬁ\l‘j — II80= 2(v, — v IS + 10I00H 7@5 — 180
(9b)
dgt % + IN1P0= —2(v, — ve) D15 — 1870 (9¢)

Because the sample is traveling through regions of varying
magnetic field gradients, bothI7 and 1717 should be almost

measurement, the density operator should be written as
03 = Znglag + Zackac + Zadkac T 2217 + 15 + 217 (10)

Of course, the actual values of the coefficients involved in
eq 10 depend in a somewhat complicated manner on the various
relaxation parameters of the spin system and on the way that
hyperpolarization has flown from the singlet states to longitu-
dinal polarizations (their evaluation will be considered else-
where). The important point is to recognize the presence at that
moment ofboth longitudinal two-spin orders and longitudinal
polarizations

Results and Discussion

In order to measure longitudinal two-spin orders and longi-
tudinal polarizations, we have run the following experiment:
(i) perform the hydrogenation reaction in a weak magnetic field
(e.g., earth field); (ii) possibly, wait to study spin relaxation in
this weak field; (iii) move the sample to the high magnetic field
with, possibly, a waiting time to study spin relaxation in a high
magnetic field. In any situation, we applied first@4)x pulse
followed by acquisition yielding the sign&,;; and then as/

2)x yielding the signals,,. Defining the antiphasé spectrum
by Ase = 1712, one has

Su= (1) (ZgPne + ZasPen T ZacPac T ZacAca T+
ZocPac + Zachca) T (IV2)Z4ly + 251y + Zly) (11)

Owing to the fact that part of the polarization has been
preserved by the firsti{4) pulse (the actual factor is @),
the immediately following £/2)« pulse leads to

S = (IN2)@ly + Zl5 + 7)) (12)

Itis a simple matter to recognize thy, provides a spectrum
reflecting only longitudinal polarizations, where&s — Sy
provides a spectrum reflectinonly the contribution of longi-
tudinal two-spin orders. This is illustrated by Figure 2 which
shows antiphase multiplets on the one hand and in-phase
multiplets on the other hand. Antiphase multiplets reflect
primarily the hyperpolarization processes (including transfers
toward the third spin by means of indirect coupling), and it is
especially rewarding to be able to simulate the corresponding
spectrum (Figure 2c compared to Figure 2d). This demonstrates
unambiguously that these experimental results are artifact-free.

The objective of this work was nevertheless to study the

destroyed at the moment of the NMR measurement. This means'€laxation of the hyperpolarized states resulting from para-

a strong time variation offI? + I21°Owhich has started from

a hyperpolarization state. We can see from eq 9c that this
variation entails the creation and the time variatior[[@f? -
12120 Conversely from eq 9b this latter time variation leads to
the creation ofl, — I0J Of course, this is a qualitative account
which requires more experimental work in order to be properly

(14) Canet, DNuclear Magnetic Resonance: Concepts and Meth@dtey,
1996.

(15) Aime, S.; Gobetto, R.; Canet, D. Am. Chem. Sod 998 120, 6770~
6773.

hydrogenation. There are in fact two ways to deal with the
relaxation issue: (i) evolution in the high magnetic field, (ii)
evolution in a weak magnetic field (earth field).

We start with the experiment which consists in the para-
hydrogenation (outside the magnet), immediately followed by
the insertion of the sample in the magnet. An evolution delay
is then allowed before the sequena4(-(signal acquisition)-
(/2)-(signal acquisition). As we have seen above, the states of
the spin system include both longitudinal two-spin orders and
longitudinal polarizations; these classical quantities will then

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1447
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Figure 2. 400 MHz proton NMR spectra obtained immediately after the
insertion of the sample in the high field magnet subsequently to the
hydrogenation reaction shown in Figure 1. (a) Spectrum following the first
(7/4)x pulse; (b) spectrum following the subsequent2), pulse; (c)
difference of the two spectra; (d) the corresponding simulated spectrum
with the following parameters (in arbitrary unitsgag = —88.8, zac =
26.4, zsc = —37.6 (second-order effects have been considered in this
simulation).

waiting period in
igh magnetic field

waiting period in
earth magnetic field

(b)

(@ 4

Omin

‘ p;;m 65 64 63 62 61 60 p;l)m

Figure 3. Left (a): Typical spectra showing the evolution of longitudinal
two-spin orders (spectrum resulting from the4) pulse minus the spectrum
obtained after thesf/2)x pulse) when the sample is left within the high
field magnet. The antiphase multiplets are directly representative of
longitudinal two-spin orders. Note that, after 8 min, longitudinal two-spin
orders have disappeared. Right (b): Typical spectra reflecting the evolution
of singlet states, the sample being left in the earth magnetic field. As in the
left part of the figure, the antiphase multiplets are directly representative
of longitudinal two-spin orders, themselves being proportional in amplitude

T e rr————
6.5 64 63 6.2 6.1 6.0

because we start from an enormously enhanced quantity-(10
10% which arrives at 1% of its initial value afteffp(T; is here

the longitudinal two-spin order autorelaxation time, with a
typical value of some seconds; it proved impossible to determine
an accurate value of this relaxation time just because a new
sample is necessary for each evolution period and the reaction
yield may be different). At that time, the amplitude of
longitudinal two-spin orders is still very high (3610?), and it
must be remembered that, at longer times, the exponential decay
is very slow, hence, the apparent long-term persistence of a
strong signal.

Evolution outside the magnet is less classical since we are
concerned with relaxation of singlet states (see eq 6). As
demonstrated experimentally and theoretically by Levitt and
cowokerst13 a singlet state alone (contrary to the case of two
singlet states, see below) is of a “long-lived” nature because its
relaxation does not stem from the most common spin relaxation
mechanism, namely the dipolar interaction which is predominant
for longitudinal polarizations or longitudinal two-spin orders.
We have ourselves tackled this problem by the magnetization
modes metho# and arrived at the following expression for the
autorelaxation of th&,g singlet state (which must be multiplied
by V4/3 for normalization purposes; for these calculations,
extreme narrowing has been assumed and possible contributions
from the csa mechanism have been neglected)

Re = =235 — 2e) T Nririce) (13)

HereJy is the spectral density function corresponding to the
so-called random field mechanism which arises from randomly
fluctuating magnetic fields due to spins other thfaar B (e.g.,
spins outside the considered spin system, for instance, electron
spins of paramagnetic species). In order to assess the importance
of this mechanism, it can be mentioned that, in the case of
polarization of a single spit, its contribution is given by-2J.

On the other handJii' e is defined by the correlation of
random fields at spiA and B, meaning that if the source of
random fields is a symmetrical position with respecAtand

B, then Jtny = Jee = v and Jiiee = Ji. In such a
(unlikely) situation,Rf’*B would simply cancel. Nevertheless,
these considerations lead to the conclusion &t is prob-
ably very small, hence, the slowly relaxing nature of the singlet
state which has thus been dubbed as “long-lived” or “long-
standing”. In the case of the three-spin system we are dealing
with, further complications occur due to cross-terms among the
three singlet stateSag, Sac, andSsc. Using again the concept

to singlet states. As can be seen by the signal-to-noise ratio, for this seriesgf magnetization modes and the computer program of ref 16,

of experiment, the p-Henrichment was smaller than those for experiments
shown in the left part of the figure. Note that, after 2 min, the three singlet
states have equilibrated and that, after 8 min, their amplitudes remain
significant.

relax “classically” according to autorelaxation rates, cross-

relaxation rates, and possibly cross-correlation rates... This

results in a somewhat complicated evolution which will be the
subject of a future publication. For the moment, we shall just
consider the evolution of longitudinal two-spin orders as
measured by subtracting the signal following the2) pulse
from the signal acquired after ther/éd) pulse. The spectrum
obtained after a delay of 2 min (Figure 3, left) could give the
impression of “long-lived” states. This is in fact deceptive just

1448 J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007

we arrive at the expression given below for tipolar cross-
relaxation rate betweeBag and Sac (both quantities must be
multiplied byx/ﬁ for normalization purposes; extreme nar-
rowing is again assumed)

Cross

Opgac = — 122 (Jscec — Jagec — Jach

ACBC + ‘]Zrlg;SAS (14)

In order to establish the meaning of the spectral densities
involved in eq 14, it can be indicated that, with these notations,
the cross-relaxation term between the longitudinal polarizations

1” and1? is expressed asag = (—5/12)Jagas. Jasas is deduced

(16) Canet, DProg. NMR Spectrosd 989 21, 237—291.
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from the correlation characterizing the reorientation of the vector more pronounced than in the case of evolution in the presence
AB. Jagac is a spectral density of identical nature but related to of a high magnetic field, can be noted. This is indeed illustrative
the reorientation correlation of the two (different) vectéi of the slow relaxation of singlet states with respect to that of
and BC, hence, the terminology “cross-correlation spectral longitudinal two-spin orders when the spin system is allowed
density”. Anyway, what is important is the existence of efficient to evolve in the presence of a low magnetic field.

coupling terms (since they arise from dipolar interactions)

between the three singlet states. However, these termsatill ~ Conclusion

contribute to the decay of the singlet states but rather to their .
rapid equilibration so thatzas, zac, Zsc in eq 8 or 10 become 'The present study has demo.nstrated the slo.w evolution of
identical. Conversely, the singlet states, on a whole, still decay singlet states even in a three-spin system involving transfers to

slowly according to autorelaxation rates such as the one defined® thlrdssplr;],]-cc;upled to the twohsplns orlglnatlrclig;rom enn%hedl
in eq 13. In a figurative way, we can compare the three singlet p-Hz. Such a feature was rather unexpected because dipolar

states to three sinks at the same position but initially filled interactions are seen to contribute. They serve merely to bring
differently; since they are connected by pipes of more or less the singlet states into equilibrium but do not contribute to their

important diameters (the cross-relaxation terms), they will soon d€cay- Owing to the difficulty of finding a molecule in which
equilibrate. If we assume now small leaks which stand for the the two protons would be nonequivalent and isolated, this should

autorelaxation terms, we can conceive that the three sinks emptyPP€n the way to applications of long-term NMR enhancement
slowly while their contents remain at the same level. This is PY €nriched p-H noticeably in the field of molecular imaging.
nicely confirmed by the experimental spectra on Figure 3, right.
Spectra recorded 2 and 8 min after the hydrogenation reaction
(the sample remaining outside the high field magnet) are
characteristic of longitudinal two-spin orders of identical
amplitude (according to simulations similar to the one of Figure
2d). Nevertheless, the persistence of long-lived states, muchJA066313X
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