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Complexes of paramagnetic metal ions, in particular Gd**, have been demonstrated as efficient
polarising agents for magic-angle spinning (MAS) dynamic nuclear polarisation (DNP). We recently
demonstrated that commercially available and inexpensive Gd(NOs)s is suitable for use as an “off-the-
shelf” MAS DNP polarising agent, providing promising sensitivity enhancements to *H, 3C, and ®N NMR
signals. Here we expand upon this approach by investigating the impact of the Gd(NOs)s concentration
and by exploring a larger range of readily available Gd** sources. We found that a Gd(NOs)s
concentration of 20 mM in the case of *H and *C, and 40 mM in the case of **N, offers optimum signal
enhancements and is rationalised as a trade-off between DNP enhancements, polarisation build-up
times, and electron paramagnetic resonance (EPR) spin—spin relaxation times. We determined that a
range of different gadolinium compounds (GdCls, Gdz(SO4)3, GdBrs, and Gd(OAc)s) are also suitable for
use as polarising agents and yield *H, *C, and **N signal enhancements of variable values. Gd(OAc)s
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DOI: 10.1039/d4cp02924k yields lower signal enhancements, which is proposed to be the result of greater local asymmetry at the

Gd>* centre leading to EPR line broadening, and the methyl group in the acetate ion acting as a relaxa-
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Introduction

Dynamic nuclear polarisation (DNP) has been widely demon-
strated as a highly efficient method for overcoming the typically
limited sensitivity of solid-state nuclear magnetic resonance
(NMR) spectroscopy under magic-angle spinning (MAS)."”
By employing microwave irradiation to transfer polarisation
from unpaired electrons to nuclear spins, improvements to the
signal-to-noise ratio of orders of magnitude can be achieved in
a variety of NMR applications, including inorganic materials®
and biomolecules.” DNP is particularly important for low
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tion sink and limiting the nuclear polarisation available.

natural abundance nuclei such as *’0,° nuclei with low gyro-
magnetic ratios such as *’Y,” and surface sites.®’

Some of the most significant advances in DNP have been
attributed to the rational design of polarising agents (PAs), in
particular nitroxide biradicals for which polarisation transfer
is driven by the highly efficient cross effect (CE) mechanism."®
One of the first major developments in PA design was the
introduction of the water-soluble bis-nitroxide TOTAPOL,!
with subsequent optimisation focussing on increasing the rigidity
of the linker, resulting in PAs such as AMUPol,"> TEKPol,'
AsymPol,** and TEKPol2."> More recently, HydrOPol and NaphPol
have been shown to be the most efficient PAs to date, providing
'H enhancements of 330 and 249, respectively, at 9.4 T (400 MHz)
and 100 K.'*"®

Paramagnetic metal ion complexes have also been exten-
sively investigated for use as PAs in DNP driven by the solid
effect (SE) mechanism." Gadolinium(m) is the most promising
of these, due to its weak spin-orbit coupling (SOC), negligible
hyperfine coupling to its NMR active isotopes (**°Gd and
57Gd), and high stability with respect to oxidation and
reduction.?® [Gd(dota)(H,0)] ", which gives a "H enhancement
of —16 at 9.4 T, was used as a basis for an investigation into a
wide range of Gd(m) chelates.*>* [Gd(tpatcn)] was shown to be
the strongest performer, giving a 'H enhancement of —36 at the
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same field. In addition, bis-gadolinium complexes have been
considered as potential PAs for CE DNP.>® Paramagnetic metal
ions have also been applied to the labelling of specific sites in
proteins and nucleic acids to achieve site-selective enhance-
ments®*>*%?” Endogenous DNP has been carried out for materials
doped with metal ions, with notable examples being inorganic
glasses®®*® as well as °Li, Li, and O DNP in battery anode and
phosphor materials doped with manganese(u) and iron(m).***

A key limitation of DNP is the relative inaccessibility of PAs,
with only a limited range of the most widely-used being
commercially available. The synthesis of PAs is seldom trivial,
with most requiring multi-step syntheses with low yields. For
example, AMUPol is prepared using a four-step synthesis with a
24% yield,"” and [Gd(tpaten)] requires a six-step synthesis with
a 6% yield.”® Furthermore, radicals are known to exhibit poor
stability in strongly reducing or acidic environments.** Clearly
there is a need for the development of PAs that are more widely
accessible.

Recently, our group introduced the concept of “off-the-shelf”
polarising agents: paramagnetic compounds that are readily
commercially available, easily affordable, and can be used ‘“‘as
is” without any further synthesis.*> We initially selected
gadolinium(m) nitrate ([Gd(NO3);]) and achieved enhance-
ments of —16 and —11 for *C and —57 and —23 for N in
glycine at 9.4 T and 14.1 T (600 MHz), respectively. Although
these enhancements were smaller than those attainable using
Gd(m) complexes with chelating ligands, it is hoped that the
convenient nature of “off-the-shelf” PAs will contribute to DNP
becoming more accessible.

In this work, we further explore other Gd(m) sources as well
as the impact of the Gd(m) concentration, investigating the
effect on the DNP efficiency, with the enhancement, build-up
dynamics, and paramagnetic bleaching being considered.
This will be accompanied by supporting electron paramagnetic
resonance (EPR) data, as well as an investigation into the Gd(u)
coordination sphere using high-resolution mass spectrometry
(HRMS).

Materials and methods
Sample preparation

Five Gd(m) compounds from common suppliers were investi-
gated as potential PAs: Gd(NO3);-6H,0 (Sigma-Aldrich, 99.99%),
GdCl;-6H,0 (Alfa-Aesar, 99.9%), Gd,(SO,);-8H,O (Alfa-Aesar,
99.99%), GdBr;-xH,O (Alfa-Aesar, 99.99%), and Gd(OAc);-xH,O
(Alfa-Aesar, 99.9%). The number of waters of hydration, x, was
determined using thermogravimetric analysis (TGA) to be 13 and
4 for GdBr; and Gd(OAc)s, respectively.

For the DNP experiments, solutions of 1.5 M 2-13C,°N-
glycine (Sigma-Aldrich, 99% ™*C labelled on the a-carbon,
98% '°N), doped with various concentrations of Gd(NO;)s,
10 mM Gd,(S0,)s, and 20 mM of all other Gd(m) compounds
(so as to maintain a constant Gd*" concentration), were pre-
pared in the glass-forming mixture glycerol-dgs/D,0O/H,0 (6/3/1
v/v/v) (“DNP juice”). The volume of glycerol was determined

24396 | Phys. Chem. Chem. Phys., 2024, 26, 24395-24406

View Article Online

PCCP

indirectly by mass, whereas water and water/glycerol mixtures
were pipetted using miropipettes with an uncertainty of 1%.
The samples were sonicated at 70 °C for 30 minutes to ensure
complete dissolution of both glycine and the Gd(m) compound
(although Gd,(SO,4); was difficult to dissolve, indicating that
the solubility limit may be exceeded at this concentration).
20 pL amounts of solution were placed into 3.2 mm sapphire
rotors, closed with Vespel drive caps and sealed using poly-
tetrafluoroethylene (PTFE) tape around the inside of the caps.
The rotors were weighed before and after sample loading in
order to determine the sample mass.

Solutions for EPR and HRMS analysis were prepared in a
similar manner, albeit both with and without 1.5 M unlabelled
glycine (Alfa Aesar, 99%) and 3/2 v/v glycerol/H,O as the solvent.
EPR tubes with outer diameters of 5 mm were filled with each
solution to a 1 cm height to ensure that the active region of the
resonator was entirely filled. A small amount of formic acid was
added to the HRMS samples to ensure complete dissolution.

DNP MAS NMR

DNP experiments were performed at ~105 K on a commercial
Bruker Biospin DNP system®® at a static magnetic field B, =
14.1 T on a 600 MHz AVANCE III spectrometer with a gyrotron
microwave (LWW) source operating at a frequency of wqs/2n =
395 GHz. Experiments were performed at a MAS rate w,/2n of
10 kHz on either a 3.2 mm triple resonance HXY low-
temperature MAS probe tuned to X = **C and Y = *N or a
3.2 mm double resonance HX low-temperature MAS probe
tuned to X = *C or °N. 'H, *C, and >N NMR spectra were
measured using Hahn echo pulse sequences, synchronised to
one rotor period, with radiofrequency (rf) pulse amplitudes of
wu/21 = 66 kHz, wc/2n = 60 kHz, and wy/27 = 38 kHz on the
triple resonance probe and wy/2n = 88 kHz, wc/2n = 74 kHz,
and wy/27 = 50 kHz on the double resonance probe. '"H — '3C
cross polarisation (CP) spectra were recorded using Hartman-
Hahn matched rf pulse amplitudes of wy/2n = 68 kHz and o/
21 = 60 kHz on the triple resonance probe and wy/2n = 88 kHz
and wc/2n = 74 kHz on the double resonance probe, with a
70% — 100% linear amplitude ramp on the *H pulse, and a CP
contact duration of 2 ms. SPINAL-64 decoupling was applied
during *C and >N NMR signal acquisition with a "H rf-pulse
amplitude of 63 kHz on the triple resonance probe, and 88 kHz on
the double resonance probe.?” The stator and waveguide design is
identical for both probes®® and there is no significant change in
the effective microwave power at the sample and DNP enhance-
ment as exemplified in the data given in Fig. S1 (ESIT). A train of
100 pre-saturation rf pulses, separated by 1 ms, was applied on all
relevant spectrometer rf-channels before data collection.

DNP build-up time constants (Tgon) Were measured by
varying the length of the irradiation period following pre-
saturation (using a standard pulse programme for saturation
recovery), and fitting the resulting data with a stretched expo-

o
t
nential function of the type 1 —exp{ — | —; ,where o is a
Ty on

stretching constant, and the final T on values were calculated
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G (3)
as Tgon = ,with I’ (E) being the gamma function.
Uncertainties in Ty on values were taken to be the 95% con-
fidence intervals calculated using MATLAB’s curve fitting tool.
The DNP enhancements, ¢, defined as the ratio of the inte-
grated NMR signal intensities with and without pW irradiation,
were measured at the field position for optimum negative
enhancement with an electron Larmor frequency of 395 GHz
(previously determined to be 14.159 T for 'H, 14.175 T for °C,
and 14.179 T for '°N, with some minor adjustments of less than
2 mT being made where necessary to optimise the enhance-
ment) with a build-up delay of 5 x Ty on, and are reported as
the optimum values as a function of the uyW power curve.
Uncertainties in the DNP enhancements were calculated as

1 2 1 2
be— ¢ here SNR is th
e=e (SNR(uWoff)) +<SNR(pW0n)) » where SER 15 the

signal-to-noise ratio."® The contribution factor (§), which
accounts for paramagnetic bleaching, is defined as the ratio
of the integrated intensities of the >C CP MAS spectra with and
without a Gd(u) compound, scaled by the sample masses in
each case. Due to potential differences in T, the CP contact
time was optimised for maximum signal on each sample.
The recycle delay was set to five times the 'H T value. The
'H and "°C spectra were externally referenced to adamantane at
1.8 ppm***° and 29.45 ppm,*' respectively, while the '°N
spectra were internally referenced to glycine at 33.4 ppm.**

EPR

EPR data were recorded using Bruker E580 Elexsys pulsed
spectrometers, equipped with a Bruker 4118X-MD5 Flexline
resonator for X-band (9.5 GHz) measurements, and a Bruker
QT-II resonator for Q-band (34 GHz) measurements. Experi-
ments were carried out at 100 K (80 K for 40 and 60 mM
Gd(NO3);, and 30 K for 100 mM Gd(NOs);), with cryogenic
temperatures achieved with closed cycle cryofree cryostats from
Bruker Biospin and Cryogenic Ltd. The presence of helium in
the cryostats excluded oxygen from the samples. Echo-detected
field-swept EPR spectra were recorded using a standard Hahn
echo sequence of n/2-t-n-t where the © pulse was 32 ns, and t
was 180 ns and 300 ns at X-band and Q-band, respectively.
Electron spin-spin relaxation time constants (7,.) were mea-
sured by increasing 7 in 4 ns increments. In some cases, a
longer © pulse of 60 ns was used in order to suppress ESEEM
(Echo Spin Echo Envelope Modulation) from interacting nuclei
modulating the magnetisation decay curve. The data were
fit with an exponential function of the type exp{—(%)}.
Ze
Electron spin-lattice relaxation time constants (Ty.) were
obtained using a three-pulse inversion recovery echo sequence
n-T-n/2-t1-n-7, with a four-step phase cycle in order to minimise
effects from unwanted echoes, and with T increasing in 2 ns
increments. The data were fit with a stretched exponential func-

B
tion of the type l—exp{(%) }, where f is a stretching
le
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constant, and the final T,. values were calculated as

1 1
T =T;.I' (ﬁ) / B, with I’ (ﬁ) being the gamma function.

The axial zero-field splitting (ZFS) components, D, of each
Gd(u) compound were determined using echo-detected field
swept spectra measured at 10 K with a Gd(m) concentration of
25 uM. Under these conditions, T,. was measured to be longer
than 3 ps for both the central and satellite transitions, which is
significantly longer than the echo delay. Therefore, the satellite
signals are not expected to have decayed to a greater degree
than the central transition, allowing for adequate fitting of both
spectral components.**™*° The procedure for extracting D using
spectral fitting has been described previously.*®*” The distribu-
tion of D values was assumed to be Gaussian in nature, with a
width of g1, while the ratio of E (the transverse ZFS constant) to
D was assumed to be randomly distributed between 0 and 1/3
(with all E/D values being equally probable). For a range of D
and op values (between 300 and 1950 MHz, and 50 and 600
MHz, respectively, and separated by 50 MHz in both cases),
1000 values of D and E were generated according to the above
constraints, and EPR spectra at both X-band and Q-band were
simulated using EasySpin.*® The average spectrum in each case
was averaged, and compared to experimental data at X-band
and Q-band in order to calculate the root mean square devia-
tion (RMSD) using:

RMSD = \/%i ([sim(i) _ Iexp(l-))Z7 (1)

where I™(i) and I°®(i) are, respectively, the normalised simulated
and experimental signal intensities at data point 7, and 7 is the
number of data points in the spectrum. Contour plots of the
products of the X-band and Q-band RMSD values for D versus op
were produced, and an ellipse was fit to the contour corresponding
to double the minimum RMSD. The best fit D and oy, values were
taken to be the centre of this ellipse, with the uncertainties being
taken to be the width and height of the ellipse at its centre.

HRMS

HRMS data were recorded on an Agilent 6540 quadrupole-time-
of-flight mass spectrometer using electrospray ionisation in the
positive mode. A list of notable peaks is given in Table S1 (ESIf).
Peaks arising from Gd(m) species are easily identifiable due
to gadolinium’s characteristic isotopic pattern (approximately
0.15:0.21:0.16:0.25: 0.22 for °>Gd : *°Gd : *’Gd : '**Gd : *°°Gd).

Results and discussion
Impact of the GA(NO;); concentration

The DNP enhancement of 2-'°C,'°N-glycine was previously
determined to be driven by the solid effect, as shown by the
Zeeman field profiles.>® Here, the measurements were carried
out at the previously-determined optimum fields for nega-
tive enhancement, due to the positive enhancements being
inaccessible within the range of the sweep coil. As an example,
the DNP-enhanced MAS NMR spectra using 10 mM Gd(NO3);

Phys. Chem. Chem. Phys., 2024, 26, 24395-24406 | 24397
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Fig.1 (a) CP-detected *C, (b) direct Hahn echo detected C, and
(c) direct Hahn echo detected >N NMR spectra of 2-°C ®*N-glycine in
6/3/1 v/v/v glycerol-dg/D,0O/H,0, doped with 10 mM Gd(NOs)s, with (red)
and without (black) microwave irradiation. All spectra were measured at
~105 K and 14.1 T with a MAS frequency of 10 kHz. Signals marked with an
asterisk originate from the glycerol solvent.

for 'H (indirectly detected via "H — **C CP), *C, and "N (both
directly detected via Hahn echoes) show enhancements
(¢, taken as the ratio of the signal intensity under microwave
irradiation to that without irradiation in the same sample)
of —2.7 + 0.1, —14 + 0.2, and —23 + 3, respectively (Fig. 1).
The "H DNP enhancement (Fig. 2(a) and Table S2, ESI{) initially
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increases as the Gd(NO;); concentration increases, up to
—4.5 £ 0.1 at 20 mM, since more polarisation sources become
available, but with higher concentrations, the enhancement
decreases. A similar concentration dependence is seen for
direct **C polarisation (Fig. 2(b)) where the optimum concen-
tration of 20 mM provides an enhancement of —23 =+ 3. For *°N,
on the other hand, 40 mM gives the highest enhancement of
—37 £ 4 (Fig. 2(c)). It was experimentally observed that in no
case did the optimum field for the negative enhancement
change significantly, strongly suggesting that there is no con-
tribution from the CE (which might be expected at higher
concentration if the EPR spectrum is broadened and the
electron-electron coupling becomes sufficiently strong).>®

It is well-known that the DNP enhancement is, by itself,
not an accurate metric for the overall DNP efficiency, due to
other factors which influence the sensitivity.’*>> The overall
improvement to the NMR sensitivity ¢, (i.e. the increase in
signal-to-noise ratio per square root unit time) was determined
using:**

T,
b
Ts0N

gy =¢0

(2)

where Tj oy is the DNP build-up time constant, T; is the spin-
lattice relaxation time in the absence of the PA (measured to
be 166 s, 1338 s, and 4882 s for 'H, *C, and "°N respectively at
400 MHz*), and 0 is the contribution factor (sometimes
referred to as a quenching or bleaching factor in the case of
the SE). 6 quantifies the reduction in the NMR signal intensity
that results from broadening on the NMR signals in the
immediate vicinity of the PA, and is defined as the ratio of
the integrated signal intensities of the sample of interest to that
in the absence of PA. Due to the long recovery delays that would
be required to obtain quantitative *C and '°N signals in the
absence of PA, the same contribution factors were assumed for
all three nuclei, and were measured using the '"H — "*C CP
MAS signals. 0 decreases as the Gd(NOj;); concentration
increases (Fig. 3(a)) which is to be expected.

For all three nuclei considered, it is seen that T on becomes
shorter as the Gd(NOj3); concentration is increased (Fig. 2(d)—(f)),
which is expected to be mainly due to paramagnetic relaxa-
tion enhancement. With build-up dynamics and paramagnetic
bleaching taken into account, the optimum sensitivity enhance-
ments are —7.2 + 0.3 for "H with 20 mM Gd(NO3);, —24 + 3 for
13C with 20 mM Gd(NO3);, and —61 + 12 for °N with 40 mM
Gd(NO;); (Fig. 2(g)-(1))-

The decrease in enhancement at higher Gd(m) concentra-
tions can be rationalised by considering the EPR data. Gd(u)
has an electronic configuration of 4f” with each of the seven
f-orbitals being singly occupied, leading to a total electron spin
of S = 7/2. Due to the half-filled f-subshell, the spin-orbit
coupling (SOC) is negligible, resulting in a g-factor close to
the free electron value of 2.0023.>" There are eight Zeeman
levels and seven single-quantum transitions. The central tran-
sition (ms = —1/2 — +1/2) is only broadened by a second-order
zero-field splitting (ZFS) effect, which results in a narrow

This journal is © the Owner Societies 2024
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Fig. 3 Contribution (paramagnetic bleaching) factors for 2-*CN-
glycine as a function of (a) the Gd(NOs)s concentration and (b) the Gd(i)
source.

central EPR line.” The satellite transitions on the other hand
are broadened by a direct first-order ZFS effect, which leads to
an additional broad satellite EPR signal.

The EPR spectra of various concentrations of Gd(NO;); at
X-band (9.5 GHz) and Q-band (34 GHz) are shown in Fig. 4(a) and (b),
respectively. The expected narrow central transition and broad
satellite transitions are easily identifiable at Q-band, while at
X-band, they are not easily distinguished. The g-factor was
determined to be 1.990, close to the previously-reported value
for GdCl; in aqueous solution.”” No hyperfine splittings are

This journal is © the Owner Societies 2024

resolvable due to the weak coupling to gadolinium’s NMR-
active isotopes. It has been shown using perturbation theory
that the full-width at half-maximum (FWHM, 4;,) of the central
transition varies with the magnetic field, By, as:

(3)

where D is the axial ZFS constant.”® This is shown to be true
here, with the FWHM values at 20 mM being 20 mT (557 MHz)
at X-band and 6 mT (167 MHz) at Q-band. It is therefore
estimated that at the DNP-relevant field of 14.1 T, the FWHM
will be approximately 0.43 mT (12 MHz). Given that typical
linewidths for trityl and BDPA-type radicals are about 20 mT
(560 MHz),>*>” it is not surprising that Gd(m) compounds
are suitable for solid effect DNP. Fig. 4(a) and (b) show that
the linewidth becomes broader as the concentration increases,
which may be due to stronger inter-gadolinium dipolar interactions.

The electron spin-lattice (7y.) and spin-spin (T,) relaxation
times are important parameters for assessing a PA’s suitability,
particularly for SE DNP, since it is easier to saturate the for-
bidden zero- and double-quantum transitions for slowly relaxing
electron spins. Both time constants were found to decrease as the

Phys. Chem. Chem. Phys., 2024, 26, 24395-24406 | 24399
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Gd(NOs); concentration was increased (Fig. 5(a), (b) and Table
S3, ESIt), which is expected due to stronger dipolar couplings
between Gd(m) centres. For this reason, the data for Gd(ur)
concentrations of 40 mM or higher were collected at lower
temperatures (80 K for 40 and 60 mM, 30 K for 100 mM), due to
significant relaxation during echo delays at higher tempera-
tures. This is also the cause of the lower signal-to-noise ratio
for 60 mM Gd(NO;); at X-band, and the slightly distorted
lineshape for 100 mM Gd(NO;); at Q-band. Previously-
reported Gd(m) complexes were found to have Q-band T
values ranging between 500 and 860 ns, and T, values ranging
between 300 and 470 ns, respectively.”* These were measured at
10 K and with a concentration of 25 uM, so no direct compar-
isons to our 100 K values can be made. However, we have also
measured T, and T, of 25 pM Gd(NOj3); at 10 K to be 219 ps
and 3.7 us, respectively. Therefore, the relaxation behaviour of
Gd(NO3); is suitable for DNP applications. The broadened
lineshape and faster relaxation are likely to be the main
contributing factors to the reduced DNP enhancement when
using higher Gd(NOs); concentrations.

Impact of the Gd(m) source

The DNP enhancements for *H, **C, and *°N were measured for
a range of Gd(m) compounds: Gd(NO;);, GdCls;, Gd,(SO,)s,

24400 | Phys. Chem. Chem. Phys., 2024, 26, 24395-24406

View Article Online

PCCP
(a) 800 (b) 300
# X-band, no glycine x
3 i X-band, 1.5 M glycine .
» 600 . # Q-band, no glycine » 200
c . * Q-band, 1.5 M glycine] <
2 s, s gly
~p400F i T B o
M oy i Foof i
200 { i i
P2 i
0 0
0 50 100 0 50 100
[GA(NO,),1 / mM [Gd(NO,),]/ mM
(c) (d)
500
400
%)
£ 300
3
= 200
100

N2 O )3 @3 _noa)
06®03 066(\ %50b( Gbeé\oP‘

D5 O ) @5 pon)
06®O$ 066(\ %Q,Ou S 06\0‘)\

Fig. 5 Dependence of (a), (c) Tie and (b), (d) T, on (a), (b) the concen-
tration of Gd(NO3)z and (c), (d) the Gd(i) source, measured at X-band and
Q-band at 100 K (80 K for 40 and 60 mM Gd(NOs)s;, 30 K for 100 mM
Gd(NO3)3), with and without 1.5 M glycine.

GdBr3, and Gd(OAc); (Fig. 6(a)-(c) and Table S4, ESIt). This
range was selected based on the commercial accessibility of
these compounds, and provides a mixture of monodentate,
bidentate, hard and soft ligands. It should be noted that GdCl;
has previously been investigated for use as a PA, albeit at 5 T,
with a concentration of 10 mM, and with 3/2 v/v *C;-glycerol/
H,O as the solvent.”® For 'H and "N, Gd(NO,);, GdCl,,
Gd,(SO,)3, and Gd(OAc); appear to give similar enhancements,
comparable to the calculated uncertainties. However, for **C,
there appears to be some variation between compounds (which
is larger than the uncertainties in the enhancements), with
Gd(NO3); and GdCl; giving the largest enhancements, and
Gd,(SO,4); and GdBr; giving smaller enhancements. It is also
noted that for all three nuclei, Gd(OAc); gives significantly
smaller enhancements than all other Gd(m) compounds.

The polarisation build-up time constants (Fig. 6(d)—(f)) for
Gd(NO3)3, GdCl3, and Gd,(SO,4); are very similar, but those for
GdBr; and Gd(OAc); are noticeably faster. It was also noted that
the C and "N build-up times for Gd,(SO,); were slightly
longer than all other Gd(m) compounds. This may indicate a
lower-than-expected Gd(mr) concentration in solution, owing to
its lower solubility in DNP juice, which may limit its suitability
as a DNP polarising agent. It was observed that, as expected, the
contribution factor does not depend on the Gd(m) source
(Fig. 3(b)). The overall sensitivity enhancements (Fig. 6(g)-(i))
for Gd(NO3);, GdCl;, and GdBr; were very similar (with the
exception of the **C enhancement for GdBr;, which is notice-
ably lower, the cause of which is not apparent). The sensitivity
increase for Gd,(SO4); is slightly smaller for '"H and °N, and
significantly smaller for **C, which is possibly due to its lower
solubility with respect to the other Gd(ur) compounds. Finally,
in all cases, the overall sensitivity increase for Gd(OAc); is
significantly smaller, in spite of the faster DNP build-up times.

One of the most important parameters affecting the DNP
efficiency is the zero-field splitting constant and since the
SE DNP enhancement is inversely proportional to the EPR

This journal is © the Owner Societies 2024
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Fig. 6 (a)—(c) DNP enhancements, (d)—(f), DNP build-up times, and (g)—(i) overall sensitivity enhancements for (a), (d), (g) *H, (b), (), (h) 1*C, and (c), (f), (i)
BN of 1.5 M 2-13C *N-glycine in 6/3/1 v/v/v glycerol-dg/D,O/H,0 at ~105 K and 14.1 T, with various Gd(i) compounds.

linewidth,*® the DNP efficiency has an inverse quadratic depen-
dence on D in the absence of additional line broadening
mechanisms.>*** Using established models for fitting the EPR
spectra measured at 10 K and a Gd(u) concentration of 25 uM
(echo-detected field-swept spectra shown in Fig. 7(a) and (b),***” a
value of D = 1079 + 53 MHz is yielded for Gd(NO;); (Fig. 8,
contour plot shown in Fig. S4, ESIf). This is larger than the
previously-reported value of 810 MHz, in part due to the difference
in the measurement conditions (which were 100 K and 20 mM
previously), and in part due to oy, originally being assumed to be
fixed at D/3.%® Similar values are seen for most of the other Gd(m)
compounds (Table 1 and Fig. $4, ESIt), which leads to virtually
identical EPR linewidths. T}, and T, vary slightly with different
Gd(m) sources (Fig. 5(c) and (d) and Table S3, ESIt), although
there is no apparent trend, indicating that the counter-ion is not a
significant source of electron spin relaxation.

It is well-established that the strength of the ZFS is depen-
dent upon the symmetry about the gadolinium centre.>*>*%8
While this is potentially accessible from liquid-state NMR
spectra, this is significantly challenged by the paramagnetic
nature of Gd(u). Moreover, the Gd(u) species of interest are
formed in frozen glasses, precluding the use of powder X-ray

This journal is © the Owner Societies 2024
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diffraction for structural refinements. These challenges have
previously been recognised in the case of coordination and
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Table 1 Average axial ZFS parameters and their Gaussian distribution
widths for all Gd(i) compounds, with and without 1.5 M glycine

D/MHz op/MHz

Gd(m) Without With Without With
compound glycine glycine glycine glycine
Gd(NO3); 1079 + 53 1342 £ 60 311 £+ 27 371 £ 34
GdCl; 1038 + 70 1295 £ 46 288 £ 39 350 £ 30
Gd,(S0,)3 1044 + 36 1389 £ 57 299 £ 20 373 £33
GdBr; 1062 £ 63 1367 £+ 35 300 £ 38 369 £ 23
Gd(OAc); 1050 + 66 1535 + 68 295 £ 39 433 + 36

organometallic chemistry, with mass spectrometry (MS) being
suggested as a suitable alternative.’® ! Therefore, we turned to
high-resolution MS (HRMS) with electrospray ionisation to gain
some insight into possible Gd(m) species formed. Mass spectra
were recorded for 20 mM of each Gd(ur) compound (10 mM for
Gd,(S0,)3) dissolved in 3/2 v/v glycerol/H,0. The relevant HRMS
peaks and their assignments are given in Table S1 (ESIT).
Here we make the assumption that the detected Gd(ui) species
exist in solution, and are not formed following ionisation of the
solution and subsequent evaporation of the solvent from the
charged droplets.

View Article Online
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All salts showed a collection of peaks corresponding
to [Gd(glycerol),]*" fragments, which is expected given that
glycerol can act as either a bidentate or tridentate ligand for
lanthanide ions, including Gd**.°*> It was previously noted**
that the nitrate anion also binds directly to the metal ion, as
evidenced by the detection of [Gd(glycerol),(NO5);]** (Fig. 9(a)).
This is reasonable given that nitrate is a hard Lewis base and
can act as a bidentate ligand, so binds strongly to Gd** (a hard
Lewis acid). Similarly, sulfate, also a hard ligand that can bind
in the bidentate mode, is found to bind directly to the metal
centre. The corresponding peaks for GdCl; are much weaker,
owing to chloride being a softer, more polarisable anion which,
being monoatomic, can only bind in the monodentate
mode. Surprisingly, despite the bromide ion being an even
softer Lewis base than chloride, strong peaks corresponding
to [Gd(glycerol),Br]**, are observed. Furthermore, no signals
corresponding to [Gd(glycerol),(OAc)]*" are seen, despite the
fact that acetate is a hard Lewis base. Therefore, the interac-
tions between hard and soft Lewis acids and bases are unlikely
to be the cause of the effects seen here. However, evidence of
the formation of bis-gadolinium species is seen for Gd(OAc)s,
many of which contain acetate ions. It is not possible to distin-
guish whether glycerol or acetate acts as the bridging ligand,
although the absence of similar peaks for the other Gd(m)
compounds makes the latter case more plausible, and there
is literature precedence for the existence of such complexes.®?
The emergence of these bis-gadolinium species may be the
reason no evidence of acetate binding to a single Gd () centre
are seen. The similarities in the ligand spheres for most of
the Gd(mr) compounds is consistent with their virtually identical
ZFS constants.

In order to determine the Gd(m) structures formed in the
DNP samples at hand, HRMS measurements were also carried
out in the presence of 1.5 M glycine. Interestingly, all
five compounds now show the same five collections of peaks,

(a) Without glycine:
Gd(NO3); GdCly Gd,(S04)3 GdBr; Gd(OAc);
2+ "
o — 4+
/H\ h H e
/N 29-Gd-
Hoo\, /SoH é —OH oS0 Q/ g o%o OFO
Gd— oH OHOHOH Gd— oH OHOHOH
/| 7\ O.gq-0
OHorHoH OHoHoH HO”/ “OH
OH
(b) With glycine, all Gd(lll) compounds show a combination of:
5 34 o 3+ o 3+ — o 3+
\ \ / iy | __OH hy Oy '31':'\ _oH ot
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Fig. 9 Structures of Gd(i) coordination spheres in 3/2 v/v glycerol/H,0O,
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both (a) without and (b) with 1.5 M glycerol, determined using HRMS.
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Fig. 10 Proposed structure of the Gd(n) coordination sphere for
Gd(OAc)s in 3/2 v/v glycerol/H,O with added glycine, showing hydrogen
bonding between the acetate anion and glycine.

corresponding to the coordination of glycerol and glycine to the
metal centre: [Gd(glycerol),]*, [Gd(glycine)(glycerol)*", [Gd(glycine)-
(glycerol), ", [Gd(glycine); ", and [Gd(glycine),(glycerol)]* (Fig. 9(b)).
It is possible that the former two of these do not nominally exist in
solution and are the result of fragmentation during ionisation. Peaks
corresponding to the counter-ion binding to the inner sphere do not
appear for any of the compounds. This seems to imply that in the
DNP sample of interest, the ligand sphere does not differ between
Gd(m) compounds. The EPR spectra all appear to be broader than
those measured in the absence of glycine (Fig. 7(c) and (d)). Despite
the ZFS constants of most of the compounds once again being
similar (albeit larger than those measured without glycine), the value
for Gd(OAc); is notably larger than the others (Table 1 and Fig. S5,
ESIt). It was previously observed that for Gd(tpatcn), water molecules
could form hydrogen bonds to the carboxylate moieties of the
chelating ligand, resulting in a second coordination sphere.®*®
It is possible that a similar phenomenon could occur here, with
acetate anions forming hydrogen bonds to glycerol and glycine
protons (with the latter being more likely due to the absence of this
line broadening without glycine), as shown in Fig. 10. Since this has
been shown to alter Gd-O bond lengths, this may provide an
explanation for an apparent change in local symmetry (and hence
a stronger ZFS interaction). It is also feasible that the relative
concentrations of each Gd(m) species in solution may vary between
compounds. It is not, however, possible to determine this from the
HRMS peak intensities given that it is not a quantitative technique
(due to differences in solvent evaporation rates and ionisation
efficiencies of various species). At 100 K, the addition of glycine,
in some cases, also results in a slight increase in T;. (Fig. 5(c) and
Table S3, ESIY).

A stronger ZFS interaction would certainly justify a signifi-
cantly lower DNP enhancement with Gd(OAc);. It is also possi-
ble that the methyl group in the acetate ion can act as a
relaxation sink, limiting the nuclear polarisation that may be
obtained, a fact that is well-known in the context of PA
development.'*®*® In addition, the presence of quadru-
polar nuclei in the counter-ions (**N (nuclear spin I = 1), **¥
37Cl (1 = 3/2) and 7”*'Br (I = 3/2)) could act as a relaxation sink

This journal is © the Owner Societies 2024
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(an effect which could tentatively be active for GdBr;, where a
lower *C enhancement was observed), but could also facilitate
the spin-diffusion of enhanced polarisation. Recent studies
have shown that the addition of simple salts such as sodium
chloride or lithium chloride in large concentration can signifi-
cantly increase DNP enhancements in aqueous solvents by
promoting glass formation.”>”" However, it was suggested
that it is the cation, rather than the anion, that causes these
effects. Furthermore, such effects are unlikely to be significant
for samples in DNP juice, where glass formation is already
efficient.

Conclusions

This work has expanded upon our previous proof-of-concept
demonstration of the use of simple gadolinium compounds as
DNP polarising agents, establishing that 20 mM is the opti-
mum concentration of Gd(NOj;); for enhancing *H and **C, and
40 mM for enhancing >N. We have shown using mass spectro-
metry that while the ligand sphere structures for different
gadolinium compounds vary slightly in water/glycerol solution,
the addition of glycine to the samples results in the predomi-
nant Gd(m) species becoming identical in all cases. This is
supported by the EPR data, which shows that the electron spin
relaxation times and zero-field splitting parameters are not
affected by the choice of counter-ion, except for Gd(OAc); where
a stronger ZFS interaction results in a broader EPR lineshape.
In most cases, this in turn translates into similar DNP enhance-
ments for Gd(NO;);, GdCl;, and GdBr;, providing a broader
choice when selecting a polarising agent, while in general,
Gd,(SO,4); and Gd(OAc); gave lower sensitivity improvements.
The lower solubility of the former could be the cause of this
effect, potentially limiting its suitability as a DNP polarising
agent. The low enhancement for Gd(OAc); may be due to a less
symmetrical local Gd(m) environment, or the methyl group in
the acetate ion acting as a relaxation sink. Our enhancements
are smaller than those obtained using previously-reported
complexes, with values that are in line with those predicted
based on their ZFS parameters.>* Nevertheless, it is promising
that appreciable sensitivity enhancements can be achieved
using a variety of gadolinium compounds, which is expected
to be of significant benefit as a cost-saving factor in instances
where modest enhancements, rather than the hundreds-fold
enhancements provided by biradicals, are sufficient.
Exploring other paramagnetic ions is one way in which the
field of “off-the-shelf” polarising agents could progress. Mn>*
appears to be an obvious choice, having been introduced
alongside [Gd(dota)(H,0)],*' and later used to enhance °Li
and “Li in battery anode materials.>® However, a significant
disadvantage of Mn>" is the hyperfine coupling to the spin-5/2
>Mn, splitting the DNP enhancement profile into six lines each
for the positive and negative lobes. This results in a six-fold
reduction in the maximum enhancement that can be achieved
(although this is partially offset by the larger proportion of
electron spins that contribute to the central EPR transition in S
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= 5/2 versus S = 7/2 systems, and hence to the solid effect).”"
Given the already modest enhancements with simple Gd**
compounds, it is likely that enhancements provided by simple
Mn>" salts would be too small to be useful. This problem is not
applicable to metals without abundant NMR-active isotopes,
such as Fe** (S = 5/2)*>* or Cr’** (S = 3/2),”> which have also
been used in DNP, although the latter requires high local
symmetry in order to avoid a large g-anisotropy. Other factors
such as the EPR relaxation behaviour and redox stability would
also need to be taken into account, but these metal ions may be
a worthy avenue for further investigation.

Finally, it should be noted that while these proof-of-concept
studies demonstrate that simple Gd(m) compounds can be used
as PAs without complex ligands, it is yet to be established how
this approach could be applied to more complex substrates.
Particularly the observation that the Gd** ion is observed to
bind directly to glycine may mean that it may be unsuitable for
biomolecules, to which Gd** and other metal ions are known to
bind (as has already been exploited in DNP),*” potentially
resulting in conformational changes. This approach is there-
fore more suited to the detection of small molecules in solution
However, it is worth considering that in this work, the glycine
concentration (1.5 M) was significantly higher than the Gd(m)
concentration (at most 100 mM). Therefore, the majority of
glycine molecules are not bound to the metal centre. This
may not remain to be the case if DNP using simple Gd(u)
compounds is applied to the detection of low-concentration
metabolites.
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