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Abstract

Typical magnetic resonance experiments are routinely limited by weak signal responses. In some cases, the low intrinsic
sensitivity can be alleviated by the implementation of hyperpolarization technologies. Dissolution-dynamic nuclear polarization
offers a means of hyperpolarizing small molecules. Hyperpolarized water is employed in several dynamic nuclear polarization
studies, and hence accurate and rapid quantification of the 'H polarization level is of utmost importance. The solid-state nuclear
magnetic resonance spectrum of water acquired under dissolution-dynamic nuclear polarization conditions has revealed
lineshapes which become asymmetric at high levels of 'H polarization, which is an interesting fundamental problem in itself, but
also complicates data interpretation and can prevent correct estimations of polarization levels achieved. In previous studies,
attempts to simulate the 'H spectral lineshape of water as a function of the 'H polarization led to significant disagreement with
the experimental results. Here we propose and demonstrate that such simulations, and therefore polarization quantification, can
be implemented accurately, in particular by taking into account the detector dead time during 'H signal acquisition that can lead
to severe spectral distortions. Based on these findings, we employed an echo-based radiofrequency pulse sequence to achieve
distortion-free 'H spectra of hyperpolarized water, and adequate simulations of these echo-based spectra were implemented to
extract the absolute 'H polarization level from the hyperpolarized water signal only, thus alleviating the need for lengthy and
insensitive measurements of thermal equilibrium signals.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy and
imaging (MRI) experiments are plagued by an intrinsically
low sensitivity resulting in weak signals. The low amplitude of
NMR and MRI signals can be boosted by up to four orders of
magnitude by implementing a variety of hyperpolarization
techniques [1], [2]. One such method, dissolution-dynamic
nuclear polarization (dDNP) [1]-[4], has been employed to
strongly polarize nuclear spins in a range of molecules
relevant to tumour characterization, ligand-protein binding
detection and MRI [5]-[9].

In dDNP experiments, the spin system of interest is mixed
with a suitable paramagnetic radical species in a solvent
formulation which forms a glass when frozen at liquid helium
temperature [2]. The DNP sample is irradiated with slightly
non-resonant (with respect to the centre of the electron spin
transition) microwaves inside a magnetic field, which act to
transfer the high thermal equilibrium polarization of the
electron spins to the nuclear spins of interest [10]. For nuclear
spins with low gyromagnetic ratios, this process is achieved
either directly or indirectly; in the latter case by employing
nuclear polarization transfer techniques such as cross-
polarization (CP) [11]-[15] and its variants [16]-[19].

Water is one of the most ubiquitous substances found on
Earth, and has been the target molecule for a number of recent
dDNP studies [5], [6], [20]-[22]. One remarkable and
potentially useful property of H>O is that it exhibits
fundamental nuclear spin isomerism phenomena. Parawater
[23], analogous to parahydrogen [24], is a nuclear spin isomer
of water in which the spin angular momenta of the two 'H
nuclear spins are configured in such a way that the coupled
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spin state is antisymmetric with respect to permutation of the
constituent nuclear spins. The nuclear spin population trapped
in the para state of water is not connected to the permutation-
symmetric spin states of orthowater and as such can display
extraordinary lifetimes under special circumstances [25].
These properties are analogous to the singlet-triplet population
imbalance prepared in long-lived state NMR experiments [26].
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Figure 1: The a) experimental and b) simulated "H NMR spectra of H,O
in the frozen solid-state under thermal equilibrium (black traces) and
DNP conditions (blue traces). As the intensities of the DNP-enhanced
spectra are larger by several orders of magnitude than those of their
thermal equilibrium counterparts, they are normalized to the intensity of
the left Pake horn in each case for convenience. The simulated blue trace
corresponds to -100% spin polarization; the experimental polarization
value was estimated as -67.5%. Note that the separation of the peaks in
the blue experimental trace is measurably larger than the separation of
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the Pake horns in the thermal equilibrium spectra. Line broadening was
not applied to the simulated "H NMR spectra.

An earlier attempt of Mammoli et al. in 2015 [27] to
prepare water enriched in the ortho spin isomer used DNP to
over-populate the permutation-symmetric state manifold.
Despite the achieved progress, a few questions remain
regarding the behaviour of water under DNP conditions. To
illustrate this, Figure 1 presents the experimental and
simulated 'H NMR spectra of water at different spin
polarization levels in the frozen solid-state. In this case, there
are striking traits in the 'H NMR spectra of hyperpolarized
water which are unexpected. The simulated spectrum at
thermal equilibrium is almost symmetric, as expected (Figure
1b, black trace). It consists of two approximately mirror-image
halves, each comprised of a pronounced Pake “horn” with a
one-sided broad shoulder (Figure 1b, blue trace and its mirror
image). As the polarization level increases, one of these two
halves is expected to significantly grow in intensity, while the
other gradually diminishes and at 100% polarization
disappears completely, so that only one Pake horn remains in
the pattern (1b, blue trace).

The experimental spectra, however, seem to tell a different
story (Figure la). In the spectrum acquired without DNP
enhancement (Figure la, black trace), the relative intensities
and the separation of the two peaks match those in the
simulated spectrum (Figure 1b, black trace), which is seen
clearly despite the substantial broadening of the experimental
spectrum (see below). The spectrum detected under DNP
conditions (Figure la, blue trace) shows two clear peaks of
unequal intensity, apparently indicating a rather high
polarization level achieved in the experiment. However, the
separation of the two peaks in this DNP-enhanced spectrum is
considerably larger than the separation between the horns of
the Pake pattern under thermal equilibrium conditions (Figure
la, black trace). This peak splitting is also considerably larger
than predicted by lineshape simulations. Similar issues are
apparent in the results reported by Mammoli et al. [27]. These
complications make quantification of the 'H polarization from
lineshape polarimetry a difficult task, and indeed a value for
the 'H polarization was not reported in Reference [27].

In this Communication, we aim to explain these
observations by considering the potential underlying
mechanisms, and propose that these discrepancies are a direct
result of the spectrometer dead time, which is known to
engender spectral distortions in a number of cases [28], [29].
To demonstrate this, we recorded experimental pulse-acquire
"H NMR spectra for various levels of proton spin polarization
which incorporate the distortion effects engendered by the
presence of a dead time. We show that the dead time
deleteriously distorts the 'H NMR spectra at high levels of
proton spin polarization, so much so that it results in the
emergence of false peaks in the spectral patterns and causes an
apparent increase of the Pake horn splitting at higher 'H spin
polarizations. We further demonstrate that acquisition of an
echo signal instead of a free induction decay (FID) can largely
eliminate these undesired dead time phenomena and produce
distortionless spectra. This allowed us to estimate a 'H spin
polarization of ca. -75% after ~34 minutes of proton DNP at
1.2 K from the comparison of the experimental echo-based 'H
NMR spectra with their simulations.

2. Methods
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2.1. Sample Preparation

A liquid glass-forming mixture of H2O/DMSO-ds (1/5 v/v)
was doped with 50 mM TEMPOL radical (all compounds
purchased from Sigma-Aldrich) and sonicated for ~2 minutes.
This sample is referred to as I from here onwards. The
concentration of water protons was ~9.25 M. DMSO-ds was
chosen over glycerol-ds due to the wider availability of ~100%
deuterated DMSO-ds products. The deuteration level of
DMSO-ds used in experiments was 99.96%, which indicates a
residual DMSO-ds proton concentration of ~44 mM.
Consequently, only ~0.5% of 'H spins belong to the glassing
agent and as such the 'H NMR signal observed largely
originates from that of water. Lower ratios of H2O/DMSO-ds
did not result in a glassy sample upon freezing [30] (see the
Electronic Supporting Information (ESI) for more details).

2.2. Sample Freezing

A 20 puL volume of sample I was pipetted into a Kel-F
sample cup and inserted into a 7.05 T prototype Bruker
Biospin polarizer equipped with a specialized dDNP probe
(including a background-free rf-coil insert [31]) and running
TopSpin 3.7 software. The sample temperature was reduced to
1.2 K by submerging the sample in liquid helium and reducing
the pressure of the variable temperature insert (VTI) towards
~0.7 mbar.

2.3. Dynamic Nuclear Polarization

Sample I was polarized by applying microwave irradiation
at 198.256 GHz (negative lobe of the DNP enhancement
profile) using triangular frequency modulation with amplitude
Afmw =200 MHz [32] and rate fmod = 0.5 kHz at a power of ca.
100 mW at the output of the microwave source and ca. 30 mW
reaching the DNP cavity (power measurement procedure
described in Reference [33]), which were optimized by using
sample I prior to commencing experiments in order to achieve
the highest possible level of 'H polarization.

2.4. Pulse-Acquire RF-Pulse Sequence

The build-up of the emissive (negative) DNP-enhanced 'H
NMR signal as a function of microwave irradiation time for
sample I was monitored by using the following protocol (see
Figure 2a):

(i) A saturation sequence of 90° rf-pulses with alternating
phases separated by a short delay repeated »n times (typ. n =
50) destroys residual magnetization on the proton rf~channel;

(if) The microwave source becomes active permitting 'H
DNP;

(iif) During microwave irradiation of the sample a small
flip angle rf-pulse (typ. 0.1°) foments acquisition of the 'H
NMR signal;

(iv) An irreducible nominal spectrometer dead time (typ. 5
us at minimum) is included before signal detection;

(v) Stages iii-iv are repeated i times (typ. i = 64), i.e., 64
FIDs are summed together, often for signal averaging
purposes, which leads to a negligible 'H polarization depletion
of less than 0.01%;

(vi) A waiting period twarr is added such that DNP is
allowed for a time #pne (typ. fone = 2 s) during each repetition;

(vii) Stages iii-vi are repeated m times to record 'H NMR
signals between short time intervals.
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The implementation of small flip angle rf~pulses in low
temperature experiments has previously unveiled asymmetries
in NMR spectra [27], [34]-[37]. During the DNP build-up
time, small flip angle rf-pulses are necessary to monitor the 'H
hyperpolarization without measurably diminishing it [38],
[39]. The proton NMR signal is continuously monitored until a
plateau in the signal intensity is reached. The integral of the
DNP-enhanced 'H NMR signal is compared with the
corresponding proton signal acquired under thermal
equilibrium conditions to calculate the signal enhancement
considering the number of transients and receiver gain used in
individual experiments.
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Figure 2: Schematic representations of the a) pulse-acquire and b) echo-
based rf-pulse sequences used for recording 'H NMR spectra of sample L.
The experiments used the following parameters: n = 50; ay, = 0.1° ta =5
ps (nominal value); i = 64; By, = B¢, = 10°% &1 = ¢y =y; Lecpo = 35 ps;
¢4 =x; and foxe = a) 2 s and b) 15 s. The 7/2 saturation rf-pulses use an
empirically optimized thirteen-step phase cycle to remove residual
magnetization at the beginning of each experiment: {0, /18, 5m/18, m/2,
4r/9, 57/18, 8n/9, , 10m/9, 131/9, /18, Sm/3, 35m/18}. The resonance
offset was placed at the centre of the 'H NMR peak.

2.5. Echo-Based RF-Pulse Sequence

Figure 2b depicts the small flip angle echo-based rf-pulse
sequence implemented to reduce the influence of artefacts in
the experimental '"H NMR spectra of sample I. The echo-based
rf-pulse sequence operates as follows:

(i & ii) Stages i and ii are identical to those in Section 2.4;

(iif) A solid-echo unit (,84,1 — Tocho — B¢2 — Tocho) USING
small flip angle rf~pulses (typ. 10°) alleviates the necessity of
including a deleterious spectrometer dead time;

(iv) A waiting period twarr is added such that DNP is
allowed for a time (typ. fone = 15 s) during each repetition;

(v) Stages iii-v are repeated m times to acquire echo-based 'H
NMR signals as a function of mxtpnp, i.e., the microwave
irradiation time.

Echo-detection has previously been demonstrated to
acquire undistorted lineshapes in experimental solid-state
NMR, primarily to remove distortions attributed to the
acoustic ringing of the rf-coil [40], [41], [42]. The choice of a
“plastic-free” dDNP rf~coil support [31] removes unwanted
background proton NMR signals from rf-probe materials,
which are often deleterious when quantifying 'H spin
polarizations. Although small flip angle echo-detection
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schemes do not allow for complete refocusing of dipolar and
chemical shift anisotropy (CSA) interactions, which engender
minor spectral artefacts, relatively undistorted experimental 'H
NMR lineshapes are produced.

A derivation for the dependence of the signal intensity of
an echo-based NMR spectrum on the 7f-pulse flip angle S, in
the presence of the two-step phase cycle of the second rf~pulse
is presented in the ESI. The NMR signal intensity Zecho of the
echo-based  rf-pulse  sequence is  proportional to
sin(ﬁq,l)sin2 (Bg,)> where By, and By, are the flip angles of
the first and second rf-pulses in the echo-based sequence,
respectively. In the case of By, = By, = B, the NMR signal
becomes proportional to the third power of sin(f). In the
small-angle limit when tan(f) = f3, a decrease in the rf~pulse
flip angle by a factor of 2 would reduce the intensity of the
observable NMR signal by a factor of ~8. This motivates the
choice of By, = By, = 10°, since this flip angle is sufficiently
large to acquire 'H NMR signals with satisfactory signal-to-
noise ratios (SNRs) but is significantly smaller than 90° such
that major spectral shape distortions are avoided. Moreover,
such rfpulses do not substantially diminish the 'H
hyperpolarization, e.g., if f = 10° then cos(8)? = 0.97 and
only ~3% of the '"H NMR signal is depleted, so there is no
need to implement time consuming experiments in which the
sample needs to be repolarized multiple times.

3. Results

The experimental 'H polarization |Py| build-up curve for
sample I as a function of the microwave irradiation time is
shown in the ESI. Sample I polarizes to Pu =~ -67.5% (see
Figure 1) within ~34 min of 'H DNP at 1.2 K with a build-up
time constant of (tpnp) = 196.7 + 0.9 s. It is worth noting that
the value of Pu =~ -67.5% was extracted from the pulse-acquire
'"H NMR spectra, which are deleteriously distorted by the
spectrometer dead time.

500 0 -1000

'H Chemical Shift / ppm

1000

Figure 3: Relevant portion of the experimental pulse-acquire 'H NMR
spectra of sample I acquired at 7.05 T (‘H nuclear Larmor frequency =
300.13 MHz) and 1.2 K with 64 scans (agy, = 0.1°; fa =5 ps) as a function

of the time mxtpne for the case of microwave irradiation at the negative
lobe of the DNP enhancement profile. Experimental spectra were
obtained by implementing the rf~pulse sequence depicted in Figure 2a.

Figure 3 shows a series of pulse-acquire 'H NMR spectra
for sample I acquired during the build-up of proton signal
intensity at m intervals of the DNP time (fpne = 2 s). The SNR
is sufficient in all experiments such that a striking asymmetry
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is readily observed between the intensities of the two most
intense peaks at nearly all time points during the 'H signal
build-up, including at relatively small values of m (lower 'H
polarizations) where a conventional Pake doublet is observed.

As the 'H NMR signal intensity grows, the asymmetry
becomes greater. In the case of the most intense 'H NMR
spectrum shown in Figure 3, the rightmost peak of the Pake
pattern is ~0.38 the intensity of the leftmost horn. The
experimental 'H spin polarization of this spectrum is -38.2%,
which was calculated by comparing the hyperpolarized proton
NMR spectrum integral with the integral of a thermal
equilibrium 'H NMR spectrum acquired at 3.8 K.

Interestingly, the observed splitting between the peaks of
the Pake pattern AS increases with the proton NMR signal
intensity, i.e, 'H spin polarization. This value is extracted
from the '"H NMR spectra of frozen water as a function of 'H
polarization by fitting the lineshapes to two Lorentzian peaks
and calculating the frequency difference between the centre of
the two peaks. In the case of the least intense 'H NMR
spectrum shown in Figure 3, the peak splitting between the
horns of the Pake pattern is ~209.6 ppm. However, the peak
splitting AS, in the case of the most intense 'H NMR spectrum
shown in Figure 3, has grown to ~316.4 ppm (an increase in
frequency separation by a factor of ~1.51). This increase in the
peak splitting is clearly seen by careful examination of the 'H
NMR spectra in Figure 3 (see the ESI for more details).
Initially, the imbalance in intensity is between the two horns of
the Pake doublet, but once a sufficient level of 'H polarization
is reached (-21.3%) a false peak has evidently emerged and
creates a larger value of the peak splitting (see Figure 3).

Figure 4 shows an assemblage of echo-based 'H NMR
spectra for sample I acquired during the microwave irradiation
time with sufficient SNR. Nearly all spectra show an
asymmetry with respect to the relative intensity of the two
Pake horns. As with the pulse-acquire '"H NMR spectra (Figure
3), the asymmetry grows with an increasing proton spin
polarization.

Pake doublet as a function of the 'H polarization level,
indicated by the approximately similar lineshapes of the echo-
based '"H NMR spectra shown in Figure 4. As demonstrated by
lineshape simulations below, this result is due to the
incorporation of the dead time into the echo delay, which
removes this source of NMR lineshape distortion. The
influence of the spectrometer dead time is demonstrated for a
pulse-acquire NMR spectrum in the ESI.

The pulse-acquire and echo-based 'H NMR spectra of
sample I were simulated by using the NMR software package
SIMPSON [43]. The simulations were performed for a
homonuclear 2-spin-1/2 system with: (i) a 'H-'H dipolar
coupling (wyy /21 = -34.5 kHz); (ii) 'H CSA (04piso = -16.19
ppm); and (iii) 'H CSA biaxiality (n = 0.17) [27]. The CSA
interaction assumes the principal axis is aligned along the OH
bond vectors. A powder average over 4181 crystallites
(sampling scheme = ZCW4181 [44]) was considered. The
initial spin density operator is given by: p, = (E + 2pyl;, +
2pyly, + 4p3l, - I,,)/4, where E is the identity operator, pu is the
'H spin polarization level and i, is the z-angular momentum
operator for spin i. 5, corresponds to a spin density operator
for a strongly polarized spin system. Relaxation was not
included in the simulation.

Figure 5 displays the simulated echo-based 'H NMR
spectra as a function of the 'H spin polarization Pu. Echo-
based 'H NMR spectra were simulated by including p =0 — p
= +1 — p = -1 coherence pathway selection to refocus
shielding interactions that would otherwise result in distorted
spectra [45]. It is readily evident that only two peaks
contribute to the 'H NMR lineshape at all 'H spin polarization
levels when using the echo-based rf-pulse sequence (see
Figure 2b). This is due to the echo-compensation of the
spectrometer dead time. The simulated echo-based spectra also
become increasingly asymmetrical with increased 'H
polarizations Pu, as was the case for the experimental echo-
detected spectra.

mxtpnp

T

Pr = -75% —»

200 0 -200 -400

"H Chemical Shift / ppm

400

Figure 4: Relevant portion of the experimental echo-based 'H NMR
spectra of sample I acquired at 7.05 T (‘H nuclear Larmor frequency =
300.13 MHz) and 1.2 K with a single transient (B4, = B¢, = 10° fecno = 35
ps) as a function of the time mxtpne for the case of microwave irradiation
at the negative lobe of the DNP enhancement profile. Experimental
spectra were obtained by implementing the rf~pulse sequence depicted in
Figure 2b.

A striking difference compared with Figure 3 is the
relatively constant peak splitting between the horns of the
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Figure 5: Simulated echo-based 'H NMR spectra By, =By, =10°% tocp, =
35 ps) as a function of the 'H polarization level Pu. Black: Experimental
spectrum (with Pu =~ -75%). Gaussian line broadening with full-width at
half-maximum height (FWHM) = 30 kHz.

The 'H NMR lineshapes of the echo-based spectra are not
dramatically altered by the level of 'H spin polarization, other
than their overall intensity. As a result, it is necessary to
simulate the echo-based NMR spectra to extract the true 'H
polarization level. The black lineshape in Figure 5 is
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representative of one of the most intense echo-based spectra in
Figure 4 acquired with the experiment presented in Figure 2b.
A simulated lineshape corresponding to Pu = -75% fits the
experimental spectrum well (see Figure 5). It is a difficult task
to compare the hyperpolarized echo-detected 'H NMR
spectrum with its thermal equilibrium counterpart since the
SNR from using only a 20 uL sample volume is insufficient
for 'H polarization quantification with high accuracy.
Simulations of pulse-acquire spectra are reported in the ESI.

4. Discussion

It is well-known that the dominant dipolar coupling
constant, in this case, from the 'H-'H dipolar coupling,
governs the peak splitting between the two horns of a resolved
Pake pattern [46]; however, the polarization level of a spin
system does not alter the physical internuclear distances and
dipolar coupling constants between nuclear spins within the
same molecule. The true cause of the spectral artefacts shown
in Figure 3 is the inclusion of a detector dead time between the
rf-pulse and the start of FID acquisition, which gives rise to
the misleading observation that the peak splitting between the
horns of the Pake doublet increases as a function of the 'H spin
polarization. The conventional peak splitting between the Pake
pattern horns is 3/2 x w;uu/27 (ca. 46.2 kHz) [46]. However,
this assumption is only borne out at very low 'H spin
polarization levels close to those of thermal equilibrium. The
hyperpolarization experiments indicate a splitting on the order
of ~5/2 x wyy/2m (ca. 88.8 kHz) for the case of highly polarized
H>O spin systems (Figure 3, most intense spectrum). This
effect and the associated distortion of the spectral lineshape
can easily lead to misestimations of the 'H polarization level.

The experimental linewidths of the 'H echo-detected NMR
spectra are dominated by intermolecular 'H-'H dipolar
interaction. The current simulation reasonably accounts for
this broadening contribution to the echo-based NMR
linewidth, although the linewidth of the experimental spectrum
at Pu = -75% is broader than that of the associated simulated
spectrum. The simulation of the echo-based '"H NMR spectrum
also shows a minor discrepancy compared with the
experimental lineshape towards the spectral baseline (see
Figure 5). This discrepancy could be associated with sources
of additional broadening, such as paramagnetic radical-
induced nuclear spin relaxation, and inhomogeneous Bo- and
Bi-fields.

It is worth noting that although the refocused 'H NMR
spectra are significantly narrower (~75 kHz) than those
detected with a pulse-acquire experiment (~135 kHz), the
relatively large linewidths of the 'H NMR spectra hinder the
efficiency of the echo-based approach due to the limited rf-
pulse bandwidth. Nevertheless, in the current experiments, the
Pake horns of the echo-based spectrum are observable. To
improve the performance of this approach, the two Pake horns
would have to be observed with much narrower linewidths.
Isolated water molecules, such as those of H2O@Ceo [25] or
water-impregnated barium chlorate monohydrate [46], [47]
provide a choice of possible candidate systems.

It is also interesting to note that a choice of fecho = 30 us led
to minor peak distortions which were observable at lower
levels of 'H polarization and motivated the use of Zecho = 35 s.
Such distortions were not clearly observed at higher levels of
Pu or for the case of fecho = 40 ps. It is likely that radiation
damping under microwave irradiation with negative DNP

Preprint submitted to Phys. Chem. Chem. Phys.

enhancements causes lengthening of the FID which needed to
be accounted for in the echo-based experiments [48].

The use of an echo-based rf-pulse sequence offers a
solution to alleviate the problem of spectral lineshape
distortions (see Figures 4 and 5), since the approach can
ultimately control the lineshape of the strongly hyperpolarized
H2O system to a considerably greater extent than a typical
pulse-acquire experiment due to the echo compensation of the
spectrometer dead time. However, a complication is the
similarity between the lineshapes of the 'H NMR spectra
acquired over a range of 'H spin polarization levels. Greater
deviations over a smaller range of spin temperatures have been
shown in the context of 2H DNP thermometry [37]. Lineshape
polarimetry has also proven to be an advantageous tool to
measure the '*N polarization of hyperpolarized "N2O in the
solid-state [49]. Indirect measurements of 'H polarizations by
using '3C lineshape polarimetry of '*CH3 groups has also been
demonstrated [33]. Asymmetric As NMR spectra were
additionally observed from the interface region of single-
crystal semi-insulating GaAs [50].

The above evidence is sufficient to argue that the dead time
is the dominating effect which distorts the proton NMR
lineshape at high levels of 'H spin polarization (see Figure 3).
However, other effects with potentially similar consequences
should be briefly mentioned. (i) Possible variations of the
transverse relaxation time 7> across the Pake pattern. The 'H
NMR signal loss within the dead time would be dependent on
the frequencies spanned by different parts of the spectrum, but
can cause additional spectral artefacts only if 72 is orientation
dependent. A measurement of the transverse relaxation time
constant 7 is reported in the ESI, with 7> = 63.9 + 0.5 us [51].
This is considerably longer than the dead time employed in
pulse-acquire experiments, but on the order of the echo time
2techo used in echo-based experiments and as a result 7>
relaxation reduces the intensity and also could potentially
influence the lineshape of echo-based spectra, which could be
related to some discrepancy between the experimental and
simulated spectra shown in Figure 5, but is unlikely to
influence those of the pulse-acquire measurements. (i7) The
orientation dependence of the longitudinal relaxation time 71,
which has been explored for cases such as solid hydrates [46],
[47]. Since the level of 'H spin polarization depends on T1, the
orientational dependence of 71 may lead to an orientation-
dependent polarization level, which could potentially distort
the lineshape of the observed 'H NMR spectra. However, it
can be safely stated that these effects, even if present, are not
sufficiently large as to be observed in the presence of the
dominating dead time-induced spectral distortion at high levels
of 'H spin polarization.

Such observations have only been made for hyperpolarized
water at present. This is attributable to the presence of the
strong '"H-'H dipolar coupling in H20, which manifests in the
experimental spectrum. This phenomenon is unlikely to be
clearly resolved in the hyperpolarized 'H NMR spectra of
other 'H containing compounds relevant to dDNP since the 'H
spins within the DNP solvent also contribute to the NMR
lineshape in a non-negligible manner and weaker 'H-'H/X
dipolar couplings are typically present, which are not resolved
in the 'H NMR spectra of such glassy samples due to other
linewidth dominating interactions, such as intramolecular
dipolar couplings. Nevertheless, even if not -easily
recognizable, these effects may still be present in the DNP-
enhanced NMR spectra of other molecules and may need to be
accounted for in the data interpretation.
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5. Conclusions

The 'H NMR spectrum of water in a frozen glassy sample
hyperpolarized under dDNP conditions has been shown to
clearly deviate from the traditional Pake pattern acquired in
high field and room temperature experiments [45], [46]. A
greater than anticipated frequency splitting is observed
between the two peaks of the Pake pattern, and their relative
intensity seemingly indicates a misestimation of the 'H spin
polarization. Lineshape simulations indicate that NMR spectra
recorded far from thermal equilibrium at high values of the
proton spin polarization are distorted due to the emergence of
an artificial peak, which occurs due to the influence of the
spectrometer dead time and is unrelated to the smaller Pake
horn. These pronounced distortions of the spectral lineshape
and of the relative intensities of characteristic spectral features
need to be fully understood and taken into account for a
correct interpretation of data and an accurate evaluation of the
level of spin polarization achieved in such dDNP experiments.
We further demonstrated that such deleterious effects can be
avoided by detecting two-pulse echo signals instead of a
single-pulse FID. The echo-based NMR experiments were
performed to mitigate the influence of the spectrometer dead
time and lineshape simulations were used to precisely probe
the level of 'H spin polarization, inferring a 'H polarization of
-75% after ~34 minutes of microwave irradiation at the
negative lobe of the DNP enhancement profile. This is
advantageous since an accompanying thermal equilibrium
reference spectrum is not required. These results are
encouraging for future applications of experiments employing
hyperpolarized water. As a side note, the 'H NMR signal from
hyperpolarized water could be used as a spy to accurately
quantify the nuclear spin polarization of less abundant or
residual protons present in the sample.
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