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Hyperpolarization can be kept for times longer than T, if it is maintained in a singlet state, from which
transitions are not allowed. Another, more direct, way to slower the relaxation process consists in the
use of perdeuterated molecules. Here both methods have been applied and the hyperpolarization
(induced by para-H,) decay rate has been measured at two different magnetic fields: earth field and zero
field. While relaxation is very slow at earth field, it becomes faster at zero field: this rather unexpected
finding has been explained on the basis of isotropic mixing between 'H and 2H.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Since the early days of NMR spectroscopy, the search for hyper-
polarization procedures has been seen as a key to overcome its
intrinsic low sensitivity. In recent years there has been a renewed
interest towards hyperpolarized molecules thanks to the possibil-
ity of their use in MRI investigations [1-4]. Currently, for these
applications, much attention has been devoted to hyperpolariza-
tion of 13C and >N resonances using Dynamic Nuclear Polarization
(DNP) or parahydrogenation of unsaturated substrates [5,6]. The
main limit to the application of both DNP and parahydrogen meth-
ods is due to the fact that equilibrium population of spin levels is
quickly restored by relaxation processes. In particular, concerning
the small organic molecules used in ParaHydrogen Induced Polar-
ization (PHIP), polarization decay is mainly driven by dipolar inter-
actions among protons [7]. Therefore substrate deuteration is
commonly applied to decrease the relaxation rate [8].

Recently Carravetta et al. tackled the general problem of storing
'H-polarization for times longer than T, on the basis of the fact
that, as known from theory, transitions from singlet states are
not allowed [9-11]. This is the reason why, in principle, a para-en-
riched H, mixture can be kept unaltered indefinitely. When the H,
molecule is added to a substrate the two protons are usually lo-
cated at chemically (or magnetically) different sites. However,
even if the two protons become chemically different, the singlet
state may be retained if the difference between their resonance fre-
quencies is negligible, i.e. if they are placed in a weak magnetic
field. Therefore the non-equilibrium population of the singlet state
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(of parahydrogen) can be maintained on the hydrogenation prod-
uct because they form an A, spin system. In this case the symmetry
is broken only when the parahydrogenated molecule is transferred
into a high-field NMR spectrometer. This behavior has been exper-
imentally assessed in parahydrogenated molecules and hyperpo-
larization storage was observed also when the two parahydrogen
protons are coupled to other protons [12,13]. In the latter case it
has been shown that three singlet states are formed in proportion
of a function of J coupling constants.

In this publication we report our observations about the effect
of the magnetic field strength on the polarization loss of the 'H res-
onances of a perdeuterated parahydrogenated molecule. We used
the perdeuterated [14] methyl butynoate (1) (Fig. 1) as parahydro-
genation substrate and investigated the polarization decay rate at
two different low magnetic field, namely earth magnetic field
(50 uT) and zero field (0.1 uT).

2. Methods and results

In order to assess the effect of the magnetic field strength on 'H
polarization decay rate of (2) the following experimental work-up
was applied:

(1) Upon addition of para-H, to an acetone solution of 1 in a
5 mm NMR tube, the hydrogenation reaction was allowed
to proceed (under vigorous shaking) for 10s in the spec-
trometer fringe field, at 0.2 mT [15].

(2) The NMR tube was quickly opened to release the non-
reacted hydrogen, then it was placed (a) at 50 T, i.e. at earth
magnetic field or (b) at 0.1 uT, in a p-metal cylinder that
allows to shield the external earth magnetic field.
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Fig. 1. Parahydrogenation reaction of perdeuterated methyl-butynoate.

(3) The sample was kept at 50 uT (or at 0.1 uT) for a time inter-
val varying from 60 to 420s, then a single scan 'H NMR
spectrum (45° pulse) was acquired on a Bruker Advance
600 spectrometer.

(4) The whole procedure was repeated for each time interval, at
each magnetic field.

Fig. 2 reports the two series of 'H NMR spectra of the parahy-
drogenated product (2) acquired for increasing time delays at
50 T (left) or 0.1 uT (right).

Polarization decay rates, one for each magnetic field, were ob-
tained by interpolation of the polarized signal intensities as a func-
tion of time (Fig. 3). Using this method, the polarization decay
constant obtained at 50 uT was 100 £ 7 s, while at 0.1 puT it was
only 42 +3s.

The relaxation constant (T;) measured by the inversion recovery
sequence inside the spectrometer magnetic field resulted to be 21 s.

3. Discussion

All the parahydrogenation reactions were carried out in the
ALTADENA way, therefore the parahydrogen singlet state is kept
on the product molecule until the sample is adiabatically transferred
into the spectrometer. According to reported theory [16], the polar-
ized signal intensities (one positive I, one negative —I??) depend on
the population of the singlet state (para state) with which they cor-
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Fig. 3. Logarithmic plot of polarization I/l (I, mean longitudinal magnetization
(L (t) — La(t))/2; Ip, mean longitudinal magnetization at 60 s) of molecule (2) as a
function of time, at 50 uT (red circles) and 0.1 uT (black squares). (For interpre-
tation of color mentioned in this figure legend the reader is referred to the web
version of the article.)

relate. Therefore the relaxation time constants obtained above can
be referred to the relaxation rate of the singlet state.

In agreement with previous observations [9], the polarization
decay constant obtained at 50 puT was about five times the relaxa-
tion constant T; measured using the inversion recovery sequence.

In the second experiment series, when samples were kept in-
side the magnetic field shield at 0.1 pT, the polarization decay re-
sulted faster than that observed at earth field (50 uT): this is rather
unexpected as the singlet state formed by the two parahydrogen
protons should be kept when the magnetic field is lowered.

To account for this result we need to consider the 2H nuclei of
the methyl group: their scalar coupling with the two parahydrogen

| 420 s 420
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Fig. 2. Single scan 'H NMR spectra of parahydrogenated 2: the samples (one for each spectrum) were kept at 50 uT (left) or at 0.1 T (right) for time delays varying from 60 to

420s.



F. Reineri et al./Journal of Magnetic Resonance 200 (2009) 15-20 17

0 [
'\l\
2] h N
= . 2
= 1 ™
£ ™~ @
.
-4
.
Ny
e
-6
T T T y T T T T T T T ¥ T T 1
50 100 150 200 250 300 350 400
time(s)

Fig. 4. Logarithmic plot of polarization I/Io(I, mean longitudinal magnetization
(L (t) — Lua(t))[2; I, mean longitudinal magnetization at 60 s) of protonated (2) as
a function of time at 50 uT (black squares) and 0.1 uT (red circles). (For
interpretation of color mentioned in this figure legend the reader is referred to
the web version of the article.)

protons are, respectively, Jpy; = 1.27 Hz and Jpy, = 0.33 Hz. When
the magnetic field intensity decreases from 50 pT (earth field) to
0.1 uT, the difference between 'H and ?H resonance frequencies
(vg — vp) changes from 1775 to 3.5 Hz. Therefore, by lowering
the magnetic field strength, isotropic mixing between heteronuclei
('H and 2H) is achieved. As shown in the theoretical section, this
leads to a change of the spin eigenstates and the relaxation pro-
cesses are expected to be different from those at earth filed.

Further support to the hypothesis that the increased relaxation
rate at zero field is due to the deuterated methyl group was gained
by measuring the polarization decay rate of protonated 2
(CH3CH'=CH'COOCHS3) at 50 and 0.1 uT. As shown in Fig. 4, the
two polarization decay rates are almost equal (69 £4 s at 50 uT
and 74 £ 6 s at 0.1 uT), within the experimental error.

Hy;

3.1. Theory

The spin eigenstates and their overlap with the parahydrogen
state have been calculated at 0.1 and 50 puT. We considered a spin
system formed by the two protons from the hydrogen molecule
and, for sake of simplicity, one deuterium atom instead of three.

At 50 uT weak coupling condition between heteronuclei is ob-
tained, therefore the spin Hamiltonian is

Hir = vy (1;“ n 1;’2) W <IZD>

1
+Jm2 {1?11?2 + ) <ITI’P + IT’T)} +.]H1Dl§“lzD

+.]H2DI?21?' (1

On the contrary, when the sample is placed inside the magnetic
field shield (0.1 uT) isotropic mixing between protons and deute-
rium nuclei is achieved. The spin states are defined by the
Hamiltonian

Hy = —vy (Ii“ +152) —vp (If)

I 5 (1 )

1
|12 5 (P10 1)

1
i [E212 4 5 (P 4 120 @
The spin states are linear combinations of the basis spin states
reported below (3). We observe that nine of these functions are
the direct product of one ortho spin state for protons (oo, Bf or
(ap + Ba)) and the deuterium spin, while three of them derive from
the product of the para spin state (o8 — po) and the deuterium
spin.
In order to find the spin states at 50 and 0.1 uT, the Hamiltonian
matrices were written using these basis functions.

b1 = [0)[1), ¢ = |20)]0), ¢35 = [o)| — 1),
ba = B+ po)[1),  ¢s =[of+ po)|0), g = |af+ por)| — 1),
b7 = |ap = po)[1),  ¢g =[of = po)|0), g = |of — po)| — 1),
b10 = BB)T),  b11 = [BB)IO), b1z = [BA) = T).

()

At 50 uT, due to weak coupling condition between 'H and 2H,
the Hamiltonian (1) allows mixing only between spin states with
the same deuterium spin. In the Hamiltonian matrix

- o)1)
o) 0)
o) — 1)
Lo+ o)1)
Llop + pe|0)

|
|
L |op+ B — 1)
v )
L — poo)[1)
L Jop — p1)[0)
Lo — pay — 1)
1BB)[1)
188)[0)
el 1)

we can isolate three sub-matrices, one for each deuterium spin
state.

|:H44 H47:| %\uﬁ—&-[foﬁl) _1 —ZVD +]m% ]H]D _.]HZD (5)
H74 Hyp; % oo — pofl) 2| Jp —Juap  —2Vp —3Jmma |
{Hss Hss} _ 1 3Juimn 0 (6)
Hgs Hgs 21 0 =3z |
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} _ +2vp +]Hl% ~Ju1p +Ju2p
~Juip oo +2V0 — 3

From the calculation of the eigenfunctions the following spin
states were found:

(7)

V4 =Cr1Qq +Cr27, Y7 =Ca1pg + C2¢p7

l//5 = ¢57 ‘Ps = d’s
Ye = diidg +diagg, Yo = da1¢g + dazho.

The coefficient values are reported in Table 1.

Then, it is worth noting that at 50 uT the spin states with differ-
ent deuterium spin are not mixed.

At 0.1 puT isotropic mixing between heteronuclei allows mixing
between spin states with different deuterium spin. In this condi-
tion all the spin functions having the same total spin M are mixed,
namely:
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For example, the spin states obtained from the sub-matrix (9)
are

P2 = Chyy + Ciads + Ci367,
Py = Chyby + Copby + Coz by,
(7 = C31y + Cayby + Ci3h7.

The values of all the coefficients are reported in Table 2.

From the calculation of the other spin functions it resulted that
the para state is spread on more spin levels at 0.1 uT than at earth
field.

The increase of polarization decay rate observed at zero field
might be due to the fact that, as evidenced in Fig. 5, deuterium
transitions ¢z — ¢1, @3 = @2, P10 = P11, P11 — P12 take place be-
tween spin states that are mixed, even if at very low extent,
with the singlet state. Therefore quadrupolar relaxation might
play a role in the polarization decay process at this field (more
detailed calculations goes beyound the scope of the present

M = 0: mixed spin states ¢3—¢ps—¢g—Pio. work).
M = 1: mixed spin states ¢y—p4—¢7.
M = —1: mixed spin states ¢g—pg—¢11.
Therefore in the Hamiltonian matrix
- L)1)
o) |0
Hay Has Hay }mi: ) )
Hss Hss Hsg Hs 19 ] 1
H42 H44 H47 V2 |OCﬁ + ﬁOC>| >
1
Hs3 Hss Hsg Hs 19 7?'0{[3 + po)[0)
Hes Heo Hs 11 |0+ po)| = 1) @)
H7, Hy, H7 75 |0B = B[ 1)
Hgs Hss Hgg Hs 10 %Wﬂ — Bor)|0)
Hos Hog Hy 11 %Wﬁ — By~ 1)
Hip3 Hios Hiog Hio10 BR)[1)
Hig Hio Hiin 185)[0)
_ e ] g 1)
the following sub-matrices can be identified:
Hy, Hys Hy 1 —2vy +]H1;”2 Juip Jwap —Juip o
Hiy Ha Hay 5 | Juip +Jun —2Vvp +]H‘2”2 Jmp —Juao 9)
H7, Hza Hy ~Jwio oo Jwip —Jwp  —2Vp - %JH]HZ
Hss Hss  Hss  Hsqo —Vu +Vp +]H% —]H% —]H% g(]mo +Juap) gUHm —Juap) 0
Hs;  Hss Hsg  Hsyo _ 4 Ju1p +Ju2p) 3 2 0 \/Ti Uuip +Ju2p) (10)
Hss  Hss  Hss  Hsio 4(]}11[) = Ji2p) 0 —him \/Ti(]mn —Juan)
Hios Hios Hios Hiono 0 2 (o +Jio) 2 Urp — i) +vn — v+l —lgo _lgo
Hes Hso Hemn +2vp +J’”% ~Jwip +Ju2p Juwip +Jmp
Hgs Hgg Hgy | = 3 ~Juw w420 = 3wz Hep —Juap (11)
Hue Huo Humn Juio o Hup —Jwap +2Vn +j*”7“2
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Coefficients of the linear combinations of spin states at 50 uT. They are the eigenvectors of the matrices in Eqs. (5)-(7) calculated using Mathcad and the values Jy;p2 = 11.0 Hz,

Juip = 1.27 Hz, Jyop = 0.33 Hz, vy = 2129 Hz and vp =327 Hz.

ool o0 oo — 1 (o — po)1 (o — p)O

(o — por) — 1

(o + po)1 (op + por)O (afp + po) — 1 Bl B0 pp—1

P 1

Pa —0.9966

o6 ~0.9991
?7 —0.0818

o —0.0412

0.0818

0.0412
—0.9966

—0.9991

Table 2

Coefficients of the linear combinations of spin states at 0.1 uT. They are the eigenvectors of matrices reported in Eqs. (9)-(11) calculated using Mathcad and the values

Juinz = 11.0 Hz, Juip = 1.27 Hz, Jyap = 0.33 Hz, vy = 4.26 Hz and vp = 0.67 Hz.

ool o0 oo —1 (o0p—po)1  (ap—pu)0  (afp—poa)—1  (ap+po)l  (af+po)0  (ap+poa)—1  ppl BpO BB -1
(41 1
? 0.9931 —-0.0235 0.1149
»3 -0.9907 0.0471 0.1270 -0.0120
¢4 0.0190 0.9990 0.0403
s -0.0476 —0.9986 —0.0012 0.0233
®6 —0.9993 —0.0303 0.0233
»7 0.1158 0.0378 0.9926
s —0.1266 0.0093 0.9731 —0.1922
®9 —0.0335 0.9833 —0.1487
®10 0.0138 0.0225 0.1922 0.9810
o1 0.0185 0.1494 0.9886
P12 1
b1 4. Conclusions
— ¢u One of the main limit to the application of hyperpolarized mol-
— ¢y ecules is given by polarization decay, whose rate is dictated by
relaxation processes. Deuteration and low magnetic fields may
Wo We be highly beneficial for limiting the polarization loss in parahydro-
g E s genated molecules providing that isotropic mixing between 'H and
|\ Wy 2H does not take place. Therefore a careful inspection into 'H and
03 2H NMR parameters (scalar coupling and chemical shift) is neces-
b, sary in order to select the proper magnetic field strength for storing
¢1 H polarization for times much longer than T; on the hyperpolar-
ized molecule.
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