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Despite the large degree of polarization in PHIP experiments compared to the Boltzmann factor, the pres-
ence of a large amount of non-reacted molecules with thermal polarization is an important obstacle
when dealing with very diluted samples. The feasibility of enhancing both sensitivity and resolution in
a single experiment by combining two well established pulse sequences, OPSY and PHD-PHIP is pre-

sented. OPSY is used as a block for filtering the signals originated from thermally polarized protons.

PhD-PHIP, on the other hand, is used as an acquisition block, increasing the resolution and further

gs{:;g’rg:;gen improving the sensitivity by preventing signal canceling in the presence of magnetic field inhomo-
PHIP geneities. Experiments in a complex sample with very low hyperpolarization levels are presented show-
PhD-PHIP ing the excellent performance of the method.

OPSY © 2018 Elsevier Inc. All rights reserved.
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1. Introduction

The increasing popularity of PHIP [1] over the last two decades
rests on the relatively low hardware requirements compared with
other hyperpolarization techniques, and it is reflected in its wide
range of applications. The technique is vastly used in a number
of applications within NMR [2]. In chemistry, it was demonstrated
to be useful in the investigation of reaction kinetics [3-6] and cat-
alysts design [7-9]. Very often, the hyperpolarization is transferred
to other nuclei (either 'H or '3C) via specially designed pulse
sequences [10-12] or by physical transport [13-15] for different
purposes. For instance, in MRI, the hyperpolarized protons were
used as a contrast agent either directly [16-18], or after the hyper-
polarization transfer to heteronuclei (13C) [19-21]. A particularly
interesting feature of PHIP is the feasibility to create long-lived
spin orders from the former parahydrogen protons [22-24].

Although the degree of polarization in PHIP is a few orders of
magnitude larger than the Boltzmann factor, giving rise to the sig-
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nal enhancement, the presence of a large amount of molecules that
were not hydrogenated with parahydrogen protons sometimes
represents an important obstacle. When the reactants are present
in very-low concentration and/or the reaction efficiency is poor,
the PHIP originated signals may become unobservable. In this
regard, an alternative to the single pulse acquisition was intro-
duced few years ago, aimed to filter out signals form thermally
polarized protons and therefore clean up the PHIP spectra. The
pulse sequence, known as OPSY (Only Parahydrogen SpectroscopY)
exploits the particular spin state of former parahydrogen protons
(and protons strongly interacting with them) to remove any contri-
bution to the spectrum from thermally polarized ones [25,26]. This
also improves the sensitivity, because the removal of major contri-
butions from solvent signals or whatever source of interference
prevents the receiver saturation, and better signal-to-noise ratio
can be achieved by rising the receiver gain level.

Resolution is another important issue when dealing with PHIP.
For instance, when the hydrogenation with pH, and detection are
carried out at high magnetic field (Parahydrogen And Synthesis
Allow Dramatically Enhanced Nuclear Alignement: PASADENA)
the spin state at the end of the chemical reaction is dominated
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by longitudinal two spin-order terms [27], which displays an anti-
phase doublet in frequency domain, i.e. two peaks with opposite
signs separated by the J-coupling constant (of a few Hz for pro-
tons). Any source of magnetic field inhomogeneity leading to
broader NMR lines produces signal canceling [28]. When dealing
with resonance lines of about 20 Hz of FWHM, an important frac-
tion of hyperpolarization is lost. This imposes a serious limitation
in the experimental setups. In previous publications, we presented
a method to overcome this interference by means of a multipulse
sequence which renders partial J-spectra practically independent
of field inhomogeneities [29-34]. Additionally, our pulse sequence,
denominated PhD-PHIP (for Parahydrogen Discriminated-PHIP)
also separates the contribution from PHIP and thermally polarized
spins, by shifting them to different regions of the spectral window.
However, as thermally polarized signals are still acquired, the
receiver gain must be carefully adjusted in order to prevent satura-
tion of the receiver.

In this article we present the strategy of filtering the thermally
polarized signals by the use of OPSY, while acquiring a specific
spectral window with the high resolution provided by PhD-PHIP.
This method will be extremely useful in situations in which the
reacting molecules are very diluted, the resulting spectra is very
complex and/or the magnetic field is inhomogeneous.

2. Theoretical background

In this section we give a short discussion of the principles
behind the pulse sequences to be used along the article. A more
detailed treatment of OPSY can be found in Ref. [26] whereas a
comprehensive description of PhD-PHIP is available in Refs.
[29,33,34].

2.1. OPSY

The OPSY sequence used in this work is schematically shown in
Fig. 1.1t consists of two hard r.f. pulses, (7/2),, and two evolution
periods of duration 7 in the presence of magnetic field gradients
with different polarity and intensities. A free induction decay is
acquired after the second pulsed field gradient.

The key of the sequence’s performance is the behaviour of the
different multiple quantum coherences during 7, due to the partic-
ular ratio between the field gradient strengths, +g and —2g. In
what follows we assume the density operator belonging to ther-
mally polarized spins as,

p*(0) o Y I
J

The PHIP experiment is performed with the PASADENA proto-
col, where the chemical reaction and signal acquisition both occur

(m2), (m2)y

r.f.

_29

Fig. 1. OPSY-d pulse sequence, where the r.f. phases and gradient scheme is
visualized.

at high field, and the density operator right after the hydrogenation
is dominated of a linear combination of longitudinal two spin order
and polarization differences between the spins involved in the sec-
ular spin Hamiltonian #[35],

P0) = Y e (If ~17) + S
Jj<k Jj<k

As the polarization differences behave similarly to p*, we will
focus our attention on the bilinear terms, denoted here as p?", to
understand the dynamics behind the filtering process achieved
with OPSY.

After the first (7/2), pulse, the thermally polarized spins pro-
duce single-quantum coherence terms (SQy,),

PP (0+) o z:([j+ + ]}.’)7

j
whereas the bilinear part of the hyperpolarized spins generate a lin-
ear combination of zero- and double-quantum coherences (ZQ""
and DQP™),

P2 (0+) o > i (1;1; NS o A 1;1,;).
Jj<k

During the first evolution period the coherences evolve under
the secular spin Hamiltonian superimposed to the interaction with
the field gradient, which we will assume, with no loss of generality,
oriented along the z-axis of the rotating frame (the same as B). The
evolution under the field gradient adds a phase factor to the spin
operators, which in turn, depends on the coherence order. A given
n-coherence order evolves n-times compared to a SQ order. In the
case of ZQ coherences, the gradient field has null global effect and
therefore, only the evolution with the spin Hamiltonian is
preserved.

This can be expressed as:

P (T) o Z(,;e(fmmfpgr) n Ijje(—iﬂr—i¢gr))7
J

and

ijlze(fmuiz(pgr)

OESS +(1;1; + 1;1;)e<ff%f>
Jk

+ij I’?e(fi’H‘CfiZz]ﬁg‘c)

where ¢, = ygz.

The second 7/2 pulse transforms the SQ™ terms into a linear
combination of longitudinal magnetization and SQ™. A subsequent
evolution in the presence of a gradient with intensity —2g will
strongly dephase the SQ™ terms, resulting in no net signal at the
beginning of the acquisition (t = 27). In contrast, the density oper-
ator pP(1+) is composed by a linear combination of longitudinal
two spin-order terms, ZQ™", SQ”" and DQP", with different phases
accumulated during the first evolution. This can be written in com-
pact form as,

I+ 2Q™ R
ppiH(.C) e ] % e(—l%r+12m¢gr)_
’ Jzk: +SQ™ + DQ™ m;]
The potentially observable operator terms are related to:
(i) SQPH % eemuizd,gr),

(ii) SQ° x e(-1#D),
(iii) SQpH w e(—iHT=i2¢g7)
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In the next free evolution period, for a sufficiently strong field
gradient and relatively short T (compared to a characteristic time
of the quantum dynamics driven by the molecular Hamiltonian),
the evolution under the J-coupling Hamiltonian can be safely
ignored in the cases (i) and (iii). In all cases, on the other hand, after
T (i.e. at t = 27), the evolutions with the chemical shift Hamilto-
nian are refocused. Moreover, term (i) is refocused after an evolu-
tion with a pulse gradient of duration 7 and intensity —2g, whereas
term (iii) requires a gradient intensity +2g. Term (ii), however, still
displays the J-coupling evolution.

These differences give rise to the main two variants of the
sequence, denominated by the authors as OPSY-d and OPSY-z,
respectively [26]. The exact calculations show that a signal
acquired with OPSY-d has half the intensity of a signal acquired
with OPSY-z. However, as in the period with no field gradient the
evolution with the J-coupling Hamiltonian cannot be disregarded,
the filtering effect is not optimum. Experimentally, the OPSY-d
pulse sequence is very efficient in removing the signal originated
from thermally polarized spins. On the other hand, for eddy cur-
rent considerations, the (+g,—2g) gradient configuration repre-
sents the best alternative. As a result, the whole sequence acts as
a filter for thermal polarization, and at the acquisition time only
polarization coming from PHIP will contribute to the signal. In a
recent publication [36] the authors examined up to nine different
pulse sequences based on the same principles, and concluded that
OPSY-d is the best choice. Consequently, we have adopted this
scheme for our experiments.

2.2. PhD-PHIP

Notwithstanding the sensitivity enhancement achieved with
OPSY, the spectral resolution is the same as in the single pulse
experiment. The antiphase signals are particularly sensitive to
the magnetic field inhomogeneities, and any source of line broad-
ening leads to loss of signal, in contrast to in-phase lines, where the
extra broadening only decreases resolution [28]. In previous con-
tributions we have introduced a technique known as PhD-PHIP,
where the signal is acquired at the top of the echoes in a train of
Ng 7 pulses with phases relative to the excitation pulse following
the scheme: x — (y¥yy)y,/» With a digital filter centred at the
desired multiplet in the spectrum [29,30,32,34]. The result is a par-
tial J-spectrum with the spectral window determined by the echo
time t;. In addition to the line narrowing due to the differences
between T, and T, the differences in the dynamics during the train
of refocusing pulses produces a clear separation of thermally an
hyperpolarized originated signals in the spectral window. The
overall behaviour is schematized in Fig. 2.

When the hyperpolarized signals are superimposed with ther-
mally polarized ones (Fig. 2a), the partial J-spectrum will display
the antiphase signals in the middle of the spectral window,
whereas all the signals originated from thermally polarized spins

a) NMR spectrum NMR spectrum

dig. filter |

Fig. 2. Scheme of the PhD-PHIP performance in the presence (a) or absence (b) of
thermal signals falling within the digital filter window.
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with NMR frequencies within the digital filter (rectangle with
dashed lines in the figure) will fall at the borders. Fig. 2b shows
the situation when no thermal signal is present within the filter
region in the spectrum: a clean partial J-spectrum of the selected
multiplet is obtained.

At first sight, it would seem as if the method filters out the sig-
nals from thermally polarized spins falling out of the filter's win-
dow. However, when the signal is acquired with a digital filter,
all the frequencies are recorded in the receiver before the filtering
process is performed [37]. This is a severe limitation on PhD-PHIP
experiments, where the resolution enhancement carries with it a
sensitivity enhancement by preventing the peak canceling, but
the receiver gain level is still limited by all thermally polarized
spins within the sample.

2.3. OPSY + PhD-PHIP

It seems quite natural to combine both sequences in order to fil-
ter thermally polarized signals with OPSY, and to perform high res-
olution acquisition with PhD-PHIP. The pulse sequence is
presented in Fig. 3, where a train of refocusing pulses is placed at
the end of OPSY-d, right after a free evolution time of duration
tg/2. Therefore, OPSY-d plays the role of the exciting 7/4 pulse in
the original PhD-PHIP.

3. Results and discussion

Fig. 4 shows the results obtained with the hyperpolarized 1-
hexene. The molecule with the former parahydrogen proptons
labeled as H, and Hj is depicted in the top panel. The spectrum
acquired with a single 7/4 r.f. pulse is shown in Fig. 4a. The pres-
ence of a large amount of non-reacted molecules is evident, where
only a small degree of reaction is observed between 4.5 and
6.5 ppm.

When the same experiment is detected out with OPSY (Fig. 4b)
only the characteristic doublets originated from PHIP are present.
An increase in the receiver gain will turn out in a receiver satura-
tion, which basically consists of a convolution of the acquired sig-
nal with a step function, leading to presence of a modulation of
each resonance line with a sinc function, as shown in Fig. 4c. How-
ever, the signal acquired with OPSY-d for the same receiver gain
appears undistorted, Fig. 4d, with an increase in the signal-to-
noise ratio.

As previously stated, acquisition with PhD-PHIP is limited by
the presence of thermally polarized signals. In order to see the
effect of these signals on the acquisition with the selected digital
filter centred at Hj (see the molecule in Fig. 4), a spectrum was
acquired without hydrogenation without pHj,. As there is no signal
in the acquired frequency range, one would expect the presence of
white noise, however, Fig. 5a shows that a large amount of signal
appears in the center of the frequency window, which comes from

(m2)y  (m2), (WM (WM
. ) t
g9 : :
-2g

Fig. 3. Pulse sequence obtained implementing OPSY-d as a filter and PhD-PHIP as
acquisition block.
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Hyperpolarized 1-hexene

9876543210 9876543210

ppm ppm
Fig. 4. Top panel: hyperpolarized 1-hexene, with the former parahydrogen protons
labeled as H, and Hj. (a) NMR spectrum aquired with a single 7/4 pulse, and (b)
with OPSY-d to filter out the thermal contributions. (c) Same experiment as in (a)
with the receiver gain raised over the saturation level. (d) No distortion and an
improved signal-to-noise ratio is observed using OPSY-d with the same receiver
gain level.

before reaction after reaction

g

PhD-PHIP

PhD-PHIP
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Frequency [Hz]
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Fig. 5. (a) Partial J-spectrum with the digital filter centred at the Hj, before
hydrogenation with pH, and the receiver gain set over the saturation limit. (b)
Result of OPSY + PhD-PHIP without reaction. (¢) and (d) show the corresponding
experiments after the hydrogenation. The sharp NMR lines in d) have a FWHM of
~ 0.3 Hz.

clipped thermal signals acquired during the pulse train. Under the
same conditions, the application of OPSY + PhD-PHIP provides a
clean white noise, as expected (Fig. 5b). When hydrogenation with
pH; is carried out and detection is carried out with high receiver
gain level (same situation as in Fig. 4c), PhD-PHIP provides a spec-
trum the is highly distorted as shown in Fig. 5c. In fact, there in no
much difference in the saturated spectra with or without PHIP, as
the reaction were set to very low levels. However, under this situ-
ation, the application of OPSY + PhD-PHIP renders a very clean par-
tial J-spectrum as seen in Fig. 5d, where the linewidth is about
0.3 Hz. As previously stated, this high resolution is given due to
the fact that relaxation produces a line broadening proportional
to 1/T, rather than by 1/T; during data acquisition.

A comparison of performances can be qualitatively observed in
Fig. 6, where the partial J-spectrum of the multiplet corresponding
to proton Hj acquired with OPSY + PhD-PHIP plotted together with
the portion of the spectrum acquired with OPSY-d. It is clear that
the noise level with OPSY + PhD-PHIP is lower than the one in
OPSY-d, which is a benefit of the use of a sharper digital filter.
Finally we must clarify that these plots correspond to samples with
an extremely low degree of reaction especially prepared for
demonstrative purposes.

It is worth noticing that neither OPSY nor PhD-PHIP sequences
decrease their performance in non-weak coupled systems. How-
ever, the chemical reaction involved in PHIP experiments suffers
in these kinds of systems because most of the singlet state is
untouched. Therefore, the amount of hyperpolarization available
after the reaction is even less than in the cases of weakly coupled
spin systems. Due to this inconvenient, the combination of both
sequences, OPSY-PhD-PHIP, represents a remarkable improvement
in non-weak coupled systems, when sensitivity enhancement is
targeted (see Electronic Supporting Information for further details).

In addition, despite the experiments and theoretical treatment
given until here are focused in the context of PHIP, this pulse
sequence will also improve the sensitivity and spectral resolution
in any case in which the NMR signal is dominated by a linear com-
bination of longitudinal two-spin orders, as it is for instance, in
SABRE experiments [38,26].

4. Experimental details
4.1. NMR experiments

The experiments were conducted at a magnetic field strength of
7 T with a Bruker Avance II console, equipped with an imaging
probe with a 10 mm birdcage coil and 3D gradient coils with a
maximum gradient of 1.5 T/m. The r.f. power was set such that
/27 = 12.5 kHz, corresponding to pulses with durations of
14.5 ps and 29 pis for /2 and 7 pulses respectively. All the samples
were prepared with approximately half the length of the NMR
birdcage coil, to maintain the effects of r.f. inhomogeneities to min-
imum. The magnetic field gradients were aligned with the

OPSY

66 64 62 60 58 56 54 52 50
ppm

OPSY+Phd-PHIP

r T T T T T ]
30 -20 -10 0 10 20 30
Frequency [Hz]
Fig. 6. Experimental results obtained in Figs. 3d and 5d shown together to highlight

the sensitivity and resolution improvement obtained by OPSY + PhD-PHIP com-
pared to OPSY.
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direction of the external magnetic field (i.e. z-direction of the rotat-
ing frame), with duration T =1 ms, and strength g=50 mT/m,
applied in the scheme of OPSY-d, (+g, —2g). Concerning the PhD-
PHIP block, the echo time was set to tx = 8 ms and 2048 pulses
were used, with the phases following the scheme y — (xxXx)y, /4,
rotated 7/2 respect to the experiments with only PhD-PHIP, to
be compatible with the phases of OSY-d. The digital filter width
to 500 Hz, centred at 5.8 ppm, to select the multiplet correspond-
ing to H,. All the experiments were performed in a single scan.

4.2. Sample preparation

Samples were prepared under controlled nitrogen atmosphere.
The mixture consisted in a solution of 0.443 g of acetone-dg, 0.015
g of 1-hexyne and 0.010 g of catalyst (Rhodium complex: CAS
79255-71-3). All components were acquired from Sigma Aldrich.

Parahydrogen was prepared by putting hydrogen in contact
with activated charcoal at liquid nitrogen temperature during
30 min. The enriched parahydrogen gas was stored in stainless
steel cylinders (Swagelok, Germany) at ~4 bars. Plastic 4 mm OD
tubing was used for the transfer lines to the sample placed at the
magnet’s bore. pH, was delivered to the sample by bubbling during
15 s followed by a 5 s waiting period in which it is ensured that no
bubbles remain in the NMR detection volume.

5. Conclusions

In this article we dealt with the problem of improving sensitiv-
ity and resolution during the acquisition of PHIP hyperpolarized
signals in very dilute samples. We demonstrated the feasibility of
enhancing both in a single experiment by combining two well
established pulse sequences. OPSY provides spectra that are free
of the contribution of thermally polarized signals, so that the recei-
ver gain can be set to maximize the signal to noise ratio. PhD-PHIP
on the other hand also filters thermally polarized signals and addi-
tionally increases the resolution by acquisition of partial J-spectra.
However, acquisition is carried out in the presence of thermally
polarized signals, so the receiver gain is limited. A combination
of both sequences exploits the benefits of both worlds. The new
pulse sequence is of straightforward implementation and not extra
hardware is required. The experiments in a complex sample with
very low hyperpolarization level showed and excellent perfor-
mance of the method. The quality of the results allows to envisage
the implementation in still lower concentrations and a variety of
experimental setups where the B, homogeneity is perturbed by
the presence of devices and or sensors in the proximity of the coil’s
sensitive volume.
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