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The spin dynamics of dissolution DNP samples consisting of 4.5 M [*3*CJurea in a mixture of (1/1)ye glyc-
erol/water using 4-Oxo-TEMPO as a radical was investigated. We analyzed the DNP dynamics as function
of radical concentration at 7 T and 3.4 T static magnetic field as well as function of deuteration of the sol-
vent matrix at the high field. The spin dynamics could be reproduced in all cases, at least qualitatively, by
a thermodynamic model based on spin temperatures of the nuclear Zeeman baths and an electron non-
Zeeman (dipolar) bath. We find, however, that at high field (7 T) and low radical concentrations (25 mM)
the nuclear spins do not reach the same spin temperature indicating a weak coupling of the two baths. At
higher radical concentrations, as well as for all radical concentrations at low field (3.4 T), the two nuclear
Zeeman baths reach the same spin temperature within experimental errors. Additionally, the spin system
was prepared with different initial conditions. For these cases, the thermodynamic model was able to
predict the time evolution of the system well. While the DNP profiles do not give clear indications to a
specific polarization transfer mechanism, at high field (7 T) increased coupling is seen. The EPR line
shapes cannot clarify this in absence of ELDOR type experiments, nevertheless DNP profiles and dynamics
under frequency-modulated microwave irradiation illustrate the expected increase in coupling between

electrons with increasing radical concentration.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

In dissolution dynamic nuclear polarization (DNP), microwave
irradiation is used to transfer the large electron polarization to
nearby nuclear spins at low temperatures with subsequent rapid
dissolution of the sample using a hot solvent [1]. The possibility
to generate highly-polarized solutions of small molecules, led to
a renaissance of DNP in nuclear magnetic resonance (NMR) and
magnetic resonance imaging (MRI) especially for nuclei with low
gyromagnetic ratios. Applications have been developed in different
areas like medical MRI and in-vivo spectroscopy [2-10], investiga-
tion of chemical processes using NMR [11-15], and material
science [16-20].

Dissolution DNP experiments are carried out at low tempera-
ture (1-2 K) in dedicated polarizers often optimized for specific
applications. Two main pathways to obtain high polarization of
low gamma nuclei exist: either direct hyperpolarization of the
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low-gamma target nucleus or using hyperpolarization of 'H fol-
lowed by Hartmann-Hahn cross polarization (CP) [21] to transfer
the polarization to the target nuclei. Currently, the main applica-
tion of dissolution DNP is the production of highly-polarized
[1-13C]-pyruvic acid for use in in vivo metabolic imaging. This is
usually achieved using trityl radicals to directly enhance the '3C
polarization in selectively labeled pyruvic acid. Due to the ready
availability of micro-wave sources around 95 GHz (W band, 3.4 T
static field), many of the first-generation polarizers were built at
this frequency [1,22-24]. It was soon realized that the direct 3C
DNP process profits from higher static magnetic fields, where
higher polarization levels in the solid state could be achieved.
Therefore, polarizers operating at higher static magnetic fields
were developed first at 6.8-7 T and later using cryogen-free mag-
nets with variable fields up to 10 T [25-29].

Using DNP to protons with subsequent cross polarization to
low-gamma nuclei leads typically to a much faster polarization
build up and requires samples doped with radicals that exhibit
broad EPR lines, e.g., TEMPO derivatives, that allow efficient polar-
ization of 'H. At lower magnetic fields (3.4 T) experimental results
showed that different nuclei (e.g., proton and carbon) have the
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same enhancement factor and reach the same final spin tempera-
ture [30], a feature often associated with the thermal-mixing
model [31-35]. In this case, a thermodynamic spin-temperature
based model could be used to describe and predict the spin dynam-
ics in such samples [30]. Such a description based on rate equa-
tions was also used to describe systems composed of pyruvic
acid doped with trityl [36-38].

The use of a spin-thermodynamic description of the
polarization-transfer dynamics is only loosely connected to the
underlying physical model that leads to the DNP process. Whether
the thermal-mixing model is indeed the mechanism of polarization
transfer in such samples is still an open question. It was shown that
a combination of cross-effect DNP and additional heteronuclear
mixing can lead to similar effects in semi-analytical models of
small spin systems [39,40]. Recent results show that the spin
dynamics in such samples depend heavily on composition and
measurement conditions, with the change in static magnetic field
playing a major role [28,39,41-48]. But to the best of our knowl-
edge none of the analytical models is able to predict optimum sam-
ple compositions useful in applications. Therefore, optimizing
sample parameters including solvent matrix, radical concentration
or concentration of the substrate to be polarized still needs exper-
imental screening.

The availability of polarizers operating at higher frequencies
raised the question how polarization transfer from electrons to
nuclei in samples with TEMPO derivatives can be described at
higher static magnetic fields. Recently published results at 6.8 T
show that in samples doped with TEMPOL, thermal mixing also
seems to be the dominant mechanism at higher magnetic fields
[49]. In this publication, we present experimental data on DNP at
7T using 4-Oxo-TEMPO at different radical concentrations. We
compare the results to equivalent data acquired at 3.4 T. In addition,
a spin-thermodynamic model is used to fit and predict the spin
dynamics in these samples at different concentrations and for dif-
ferent initial conditions of the magnetization. We also investigate
the influence of deuteration of the solvent matrix on the achievable
polarization on the low gamma nuclei at lower fields and compare
this to results obtained at 3.4 T[30,43]. To this end, different degrees
of deuteration of the solvent have been used, with the consecutive
measurements performed for all three nuclei ('H, H and '3C).

To better understand the DNP process, it is important to under-
stand the EPR properties of the samples as well as their NMR char-
acteristics. Recently it became clear that understanding the EPR
properties of the doping agent is necessary to unravel the pro-
cesses in the samples under microwave irradiation [38,41,50]. This
motivated the implementation of longitudinally detected EPR (LOD
EPR) in our probe [22,51,52]. Despite being low-cost and simple in
design, the technique, at least in principle, allows detection of
important EPR parameters, e.g. Ty, given sufficiently capable
microwave generation.

2. Hardware and experiments
2.1. Polarizer and LOD setup

The polarizer used in this work was previously described in
detail [53]. Addition of a Helmholtz coil to the static non-
dissolution probe (see photograph in Fig. 1(b)) allows performing
longitudinally-detected EPR (LOD EPR) experiments and was used
to detect the EPR line shape of the radicals under DNP conditions.
In LOD experiments the amplitude of the continuous-wave (CW)
microwave field applied to the sample is modulated, periodically
saturating the z-component of the electron magnetization. The
periodic saturation induces a time-dependent voltage in the
Helmholtz coil which can subsequently be detected either in a
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Fig. 1. (a) Schematic representation of the whole LOD setup including its amplifier
stages, with a DC block (DCB) and a low-pass filter (LPF) and control setup via a NI
DAQ connected to the PC controlling the whole polarizer setup. (b) Photograph of
the LOD setup attached to the low end of the probe.

broadband fashion or using a lock-in amplifier set to the frequency
of the modulation in the low kHz range.

The design of this setup, schematically depicted in Fig. 1(a), fol-
lows previously published versions of LOD setups [22,51,52]. It
uses a National Instruments data acquisition device (NI USB-
6229 DAQ) to feed an analog waveform to the microwave source,
while simultaneously acquiring the LOD EPR signal.

Our microwave source (Model VCOM-10/94/200-DD, ELVA-1)
provides 50 mW of power between 196.8 and 197.8 GHz featuring
a voltage-controlled power attenuator (0-40 dB). For LOD experi-
ments the source is operated in CW mode with the waveform from
the NI DAQ fed to its attenuator port modulating its amplitude at a
frequency of up to 5 kHz. For the frequency-modulated data, a new
microwave amplifier multiplier chain from Virginia Diodes (Char-
lotteville, VA, U.S.A.) with an output power of 140 mW was used.
The frequency range of the VDI source is 10 GHz and frequency
modulation schemes can be programmed directly on the micro-
controller of the source.

The EPR detection circuit utilizes a broadband detection scheme
and consists of the Helmholtz coil (100 pm wire, 2 x 750 turns)
placed such that the sample holder sits in-between the two sec-
tions as shown in Fig. 1(a) and (b) such that the axis of the coil is
parallel to the By field. The Helmholtz coil is non-resonant (broad-
band) and well insulated from ground to avoid cross talk from the
microwave signal. The coil is pseudo-differentially connected to an
amplifier stack schematically shown in Fig. 1(a). The stack consists
of a DC block (DCB), an audio preamplifier (SSM2019) followed by
a 90 kHz low-pass filter (LPF) and finally a second gain stage with
variable gain levels (79-119 dB). Overall the frequency range of
this stack is 210 Hz to 28 kHz corresponding to the audible fre-
quency range, which makes noise suppression very important. To
this end small weights were attached to the waveguide going into
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the probe to reduce vibrations. In addition, a directional coupler
was used as a dampening weight at the top of the waveguide, such
that the flexible WR05 waveguide connects two heavier parts
(directional coupler on one, microwave source on the other side),
further dampening the vibrations.

To achieve the best possible SNR all acquisition parameters
were optimized experimentally. In general, a high number of aver-
ages (15000 averages were used in the experiments described
here) per frequency step were needed to generate enough SNR.
Correspondingly, amplitude modulation at 1 and 3.5 kHz fre-
quency exhibited the highest SNR. The highest gain setting of
119 dB also led to the best SNR, albeit only for the mentioned high
number of averages. Lowering the temperatures from 50 to 20 K
improved the available SNR from roughly 5 to over 23. Reducing
the temperature further did not result in additional improvement,
but the achievable SNR stayed above 20, which is in general lower
compared to other designs [22,51]. Nonetheless, the listed param-
eters enabled recording of the EPR line under DNP conditions with
51 steps over the whole frequency range, requiring approximately
15-20 min of measurement time. A small DC offset was also pre-
sent, but could be corrected with a linear baseline correction.

2.2. Materials and sample preparation

All samples were prepared in a two-step process. First a stock
solution of 4.5 M ['3C]urea (fully protonated, Sigma Aldrich, Buchs,
Switzerland) in solvent mixtures of (1/1)yo glycerol/water was
prepared. Second, appropriate amounts of 4-Oxo-TEMPO (4-0xo-
2,2,6,6-tetramethyl-1-piperidinyloxy, Sigma Aldrich, Buchs,
Switzerland) were weighed before mixing them with the stock
solution to achieve doping levels of 25, 50 and 75 mM. In each case,
70 pL of sample was vortexed prior to loading it into the sample
container. Filled containers were shock frozen in liquid nitrogen
for ca. 30 s inside the NMR coil before inserting them into the
polarizer to ensure reproducible glass formation. The sample con-
tainer consists of a PTFE cylinder (3 mm inner diameter, 0.05 mm
wall thickness) with 2 Kel-F end caps. Different degrees of deuter-
ation were used for the solvent matrix as listed in detail in Table. 3.

2.3. DNP profiles and buildup/decay curves

All measurements were performed at 4.2 K due to the long
experimental time available in this mode for our cryogenic setup
[30,53]. The full measurement protocol consisted of thermal equi-
librium, buildup and decay curves, LOD EPR and DNP profile mea-
surements, during a single measurement session, without taking
the sample out of the magnet.

DNP profiles correlate the microwave frequency with enhance-
ment by stepping the microwave frequency through the frequency
range of interest. In this work, a step size of 0.02 GHz was used, and
a single enhancement measured using a saturation-recovery pulse
sequence with a relaxation period of 60-180 s between saturation
and acquisition, depending on sample and spin species. Four low
flip-angle (2-4°), phase-cycled pulses were used to acquire each
data point.

DNP buildup and decay of the polarization were measured in a
single experiment, with an FID recorded every 60-120 s using four
phase-cycled, low flip-angle (2-4°) pulses. In most of the experi-
ments, 10 dB of attenuation had to be used before the receiver to
accommodate the enhanced NMR signal within the range of the
ADC. Additionally, a thermal equilibrium measurement was
recorded for each newly filled sample container in order to calcu-
late enhancements and absolute polarization levels. For the
thermal-equilibrium measurements, 30-50 FIDs were recorded,
with identical pulse settings as used for the buildup/decay curves,
after an initial relaxation delay of 5 T;. In between FIDs the relax-

ation delay was chosen such that the polarization could recover
to roughly 99% of its equilibrium value, considering the saturation
due to the measurement pulses. No attenuation but the same
receiver-gain settings as for DNP buildups or profiles were used.

2.4. Probe background and data analysis

To ensure proper calculation of enhancement factors and abso-
lute polarization levels, the probe background needs to be consid-
ered. Therefore, an empty sample container, which was prepared
the same way as a normal sample (see Section 2.2), was inserted
into the polarizer. Subsequently the signal of the empty sample
container was acquired using identical acquisition parameters as
in buildup/decay experiments. For '3C no background signal could
be measured, but for 'H significant background could be recorded.

All data sets where processed using MATLAB (The Mathworks,
Natick, MA, U.S.A.). The data were phased manually and subse-
quently zero filled by a factor of two, then Fourier transformed
without any additional processing. To calculate the signal intensi-
ties the spectra were first baseline corrected (linear correction) and
then numerically integrated. Due to the line shape resulting from
the quadrupolar powder pattern fitting the 2H data was not possi-
ble with a single Voigt-type function, so the numerical integration
was performed over the actual data. Subsequently, the integrated
signal intensity was normalized to the integrated thermal signal
corrected for the different attenuation in the receiver pathway
used in the buildup measurements. The buildup and decay curves
were fitted with a mono-exponential decay to obtain enhance-
ments ¢, buildup time constants 7t and T; relaxation times,
respectively.

2.5. Spin-thermodynamic model and fitting

The model used to describe the spin dynamics is based on spin
thermodynamics and was presented in detail in a previous publica-
tion and given in the Supplemental Material [30]. A schematic of
the model is shown in Fig. 2. It describes the transfer of magneti-
zation between the three spin baths, i.e., carbon Zeeman (CZ), pro-
ton Zeeman (HZ), electron non-Zeeman (eNZ) and a cooling bath
(CL), with three coupled differential equations including seven free
parameters: Rc, Ry, Re, ke, ky, Rcp and écp. Its main assumption
about the EPR line is that its electron non-Zeeman part can be rep-
resented by a spin bath with the capacity of a spin-1/2 system
whose energy levels are separated by the frequency corresponding
to the width of the EPR line. This can only be valid if very fast spec-
tral diffusion is present within the EPR line, which usually is only
the case for strong electron-electron interaction. The validity of
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Fig. 2. Schematic representation of the spin-thermodynamic model used to fit
experimental data. It shows the four spin baths (deuterium Zeeman (DZ), carbon
Zeeman (CZ), proton Zeeman (HZ), and electron non-Zeeman bath (eNZ) the
relaxation-rate constants (Rx) that connect the baths with the lattice and the rate
constants (kx) that connect the nuclear Zeeman baths with the electron non-
Zeeman bath. The cooling bath (CL) is connected with the constant Rc; with the eNZ
bath. In this work, the deuterium Zeeman bath is not used leaving seven free
parameters (see text for more details).
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this assumption in the cases presented will be discussed at a later
point.

To fit the model to each sample separately the heat capacities of
the spin baths (protons, carbons, electrons) were calculated from
their Curie constants, based on the respective molarity of each spin
species within the given sample. Numerical solving of the differen-
tial equation and optimizing the given start parameters was imple-
mented in MATLAB using its ODE solver and fminsearch
algorithms, respectively. For each sample, four datasets, buildup
and decay curves for both 'H and '3C, were used to optimize the
parameters in the system of differential equations. In order to fit
the model, the cumulative norm of the differences between model
predictions and data points was minimized starting from a ran-
domly chosen set of seven start values for the model parameters.
To reduce the chance of finding a local minimum, the optimization
routine was run for 300 randomly chosen sets of start parameters,
with each optimization running for a maximum of 1500 iterations.
Additionally, parallelization was utilized increasing the speed of
the calculation drastically, therefore, allowing multiple runs within
a few hours.

Initial tests showed that the cooling bath temperature fc;, as
well as the cooling rate Rcy did not influence the other fitting
parameters as long as the cooling bath was colder than the lowest
temperature of the spin baths, and R was fast enough to cool
down the eNZ spin temperature. This is not surprising since the
experimental data (nuclear spin temperatures) are only indirectly
connected to these two values. Therefore, the cooling bath temper-
ature fci, as well as the cooling rate R, were fixed for the data
evaluation. Reducing the number of free fit parameters from seven
to five lead to better convergence, such that more than 3/4 of all
starting sets resulted in parameters with an error norm of less than
5% worse than the best set. To allow higher enhancements, as
found for the deuterated samples presented in Section 3.5, the
cooling bath temperature B¢ (or its enhancement) needed to be
relaxed to a temperature lower than the lowest one experimentally
measured (or its enhancement higher than the maximum mea-
sured). Accordingly, the cooling rate Rc. needed adjustment to
counteract this change such that the original data used to fit the
model parameters was reproduced.

2.6. Variation of spin-system initial conditions

To investigate the spin dynamics in select samples in more
detail, the spin system was prepared in different initial conditions
and the subsequent time evolution was recorded using continuous
small flip angle acquisitions every 30-120s.

In initial condition (i) (Fig. 3a) the time evolution of both spin
species after a CP step from 'H to '3C, i.e., after increasing the '3C
polarization beyond its equilibrium value, is measured while both
polarizations are still building up under microwave irradiation,
either after a DNP buildup time of 30 or 60 s. The micro-wave irra-
diation was kept on during the whole experiment.

The preparation of the initial condition (ii) (Fig. 3b) was the fol-
lowing: after reaching the DNP plateau, a saturation train was used
on either 3C or 'H while simultaneously switching off the micro-
wave irradiation. Afterwards the time evolution of the polarization
of the saturated spin was measured, while the other spin was left
to decay without interference.

Similarly, initial condition (iii) (Fig. 3c) uses a saturation train
on 'H during the DNP buildup, typically after either 180 or 60 s
for sample B and C respectively, while measuring both spin polar-
izations after the saturation train but under continuous microwave
irradiation.

In initial condition (iv) (Fig. 3d) again a CP step from 'H to '3C s
used but in contrast to initial condition (i) after the 'H have
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Fig. 3. Pulse sequence schematics for the four different initial conditions used to
cross check the spin-thermodynamic model. In pulse sequences (a), (c) and (d) both
channels are measured after the same preparation sequence. In (b) only the channel
where the saturation occurs is measured.

reached their DNP plateau value, typically after 120 to 360 s, before
measuring both spin polarizations. The sample was irradiated with
microwave during the whole experiment.

In total this amounts to four different preparations of the initial
state of the spin system with different relative enhancement levels
on the two spins. Two of them use a CP step to transfer polarization
from protons to carbons (conditions (i) and (iv)), while the other
two (ii) and (iii) use saturation pulses to zero the polarization of
on spin species. Only in case number (ii) was the microwave source
turned off during the measurement of the time evolution after the
preparation of the initial condition while the other three use con-
tinuous microwave irradiation during the whole experiment.

2.7. Frequency-modulated microwave irradiation

Frequency modulation (FM) of the microwave irradiation can be
programmed on the VDI source. A triangular frequency modulation
with a variable bandwidth (0-250 MHz) around the center fre-
quency and a modulation frequency of 500 Hz was used in all mea-
surements. The modulation frequency was optimized
experimentally on the 50 mM sample as well as the microwave
power which was set to 50 mW unless indicated otherwise.
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3. Results
3.1. EPR line shape and DNP profiles at different radical concentrations

The shape of the EPR line determines the corresponding nuclear
DNP profile, which correlates the microwave frequency with the
DNP enhancement. The two measurements contain important
information about the DNP process, and ideally one wants to cor-
relate them. Furthermore, they are also important to find optimum
conditions in order to maximize the achievable polarization. In
samples with water-based solvent matrices these profiles and the
EPR line shape depend crucially on the concentration of the radical,
since it governs the possible aggregation of the radical within the
glassy sample. Fig. 4 shows the normalized profiles and EPR line
of three samples using different concentrations of 4-oxo-TEMPO
at 7T field.

In sample A (25 mM 4-0xo-TEMPO) the EPR line is dominated
by the g-factor anisotropy of the nitroxide radical as seen in
Fig. 4(a) (black dashed line). Its '3C profile (blue) exhibits similar
features as the EPR line on the low-frequency side (hyperfine cou-
pling to “N) while the proton profile only shows features at the
very low-frequency end of the profile. Both nuclei show a slight
asymmetry in the profile, as the high-frequency minimum
enhancement is slightly lower than the low-frequency maximum
enhancement. For 13C the maximum is at 197.18 GHz, while the
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Fig. 4. Normalized DNP profiles for 'H (red) and '*C (blue) as well as the EPR line
(black) recorded using the LOD technique for: (a) sample A with 25 mM, (b) sample
B with 50 mM and (c) sample C with 75 mM of 40x0o-TEMPO recorded at 7 T field.
Profiles and EPR extend below 196.8 GHz, which is the limit of our microwave
equipment. Individual data points are marked by a small diamond. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

minimum is at 197.38 GHz, resulting in a frequency difference of
Af=200MHz. For 'H (Fig. 4(a), red line) the minimum is at the
same position but the maximum is at 197.1 GHz, which results
in a difference of Af=280 MHz.

Sample B (50 mM 4o0x0-TEMPO, Fig. 4(b)) shows significantly
more broadening in the EPR line shape, which is likely a result of
the increased electron-electron interaction, i.e., the EPR line is
broadened in addition to the g-anisotropy. As a result, the hyper-
fine coupling to N, which is well visible in Fig. 4(a), is more
obscured in Fig. 4(b). In this case the '*C DNP profile maximum
moves closer to the 'H maximum and lies at 197.04 GHz, while
the '>C minimum is at 197.44 GHz, giving Af =400 MHz. Protons
show a very similar DNP profile with the maximum at
197.02 GHz, while the profile minimum is at 197.44 GHz as for
13C. This corresponds to a difference of Af=420 MHz.

In Fig. 4(c) data for sample C (75 mM 4o0xo-TEMPO) shows an
even stronger broadened EPR line, compared to Fig. 4(b) and (a).
Interestingly the hyperfine coupling to N seem to be better visi-
ble than in (b). Correspondingly, some of these features are also
reflected in the DNP profiles of 'H and '3C, whose profiles coincide
in this case. Their maximum enhancement at 197.00 GHz and their
minimum enhancement at 197.47 GHz leads to a difference of
Af=470 MHz.

At 34T field the profiles for both nuclei coincide at all radical
concentrations investigated. The frequency difference between
the maximum enhancements for both 'H and !3C increases from
Af=300MHz at 25 mM radical to Af=350 MHz at a radical con-
centration of 50 and 75 mM as shown in the Supporting Material
Fig. S1. The difference between the samples is significantly less
pronounced at 3.4 T compared to 7 T, but broadening of the profiles
is clearly visible, leading to a loss of small features in the profiles
(compare Fig. S1).

3.2. Buildup-decay curves for different radical concentrations

The buildup and the decay of 'H and '3>C polarization under
microwave irradiation was investigated for the three samples A,
B and C (see Section 3.1) with radical concentrations of 25, 50,
and 75 mM, respectively. Fig. 5 shows the buildup (left column)
and decay curves (right column) of protons (red squares) and car-
bons (blue circles), while the shaded area represent one standard
deviation from multiple experimental runs with separate freezing
of the sample. While in sample A (Fig. 5(a), 25 mM radical) the
maximum enhancement for protons of 45.4 is about a factor of
two lower than for carbons at 84.4, it is almost within the error
for sample B with € = 101.7/108.4 for '3>C/'H respectively (Fig. 5(b),
50 mM radical) and converges at €=98.7/97.9 for sample C
(Fig. 5(c), 75 mM radical). Buildup times t and decay times T; get
shorter with increased radical concentration, as exemplified by
the difference in timescale on the x-axes of Fig. 5(a)-(c). Buildup-
times and T; reduce roughly by a factor of three in between sam-
ples A and B and a factor two for the second concentration step
(B to C). A summary of the values of all three parameters extracted
using mono-exponential fits to the curves in Fig. 5 is given in
Table 1 (left half).

The same experiments at a lower static magnetic field of 3.4 T
are shown in Fig. 6. The resulting buildup (left column) and decay
(right column) curves for protons (red squares) and carbon (blue
circles) were measured in the same samples (A to C). All DNP
parameters extracted by mono-exponential fits are summarized
in Table. 1 (right half). In contrast to the previously presented
results at 7 T, at the lower field no clear regime change with radical
concentration is observed. Although 'H enhancements increase
slightly from 45.6 to 55.1/58.3 from 25 mM to 50/75 mM radical
concentration, all three samples (A, B and C) exhibit a '>C enhance-
ment close to g(*H), with 49, 68.1 and 62.3. Simultaneously both
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decays the error lies within the plotted symbols and is left out for clarity. Dashed lines represent the fits of the spin-thermodynamic model introduced in Section 2.5. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summarized DNP parameters extracted from mono-exponential fits to data at 7 T (left half) and 3.4 T (right half).
Sample 7T 34T
13C lH 13C IH
A B C A B C A B C A B C
€ 84.4 101.7 98.7 454 108.4 97.9 49 68.1 62.3 45.6 58.3 55
t/s 1271 414 205 242 81 39 346 117 57 102 34 18
Ti /s 1850 666 349 439 216 106 420 169 91 192 82 42

time constants decrease with increasing amounts of radical pre-
sent in the sample by the same factors as at higher field (3 from
sample A to B and 2 from B to C) but the absolute timescales are
much faster at 3.4 T. Comparing these data to previously published
results with TEMPOL based samples at the lower field (3.4 T), it is
clear that the results are almost identical [30].

In addition to the mono-exponential fits, we also used the spin-
thermodynamic model presented in Section 2.5 to extract the time
constants from the data. Fitting the buildup and decay data simul-
taneously the parameters presented in Table 2 (top half) reproduce
the data very well, even for the case of sample A (25 mM) where
both spin species do not exhibit the same enhancement, i.e., spin
temperature, which indicates weak thermal contact.

Taking a closer look at the parameters in Table. 2 we see that
the rates with which 3C (R¢) and 'H (Ry) relax increase with
increasing radical concentration at both magnetic fields (compare
top and bottom). The same is true for the coupling of either nuclear
bath to the electron non-Zeeman bath, which also increases from

sample A to C, e.g. from 0.46 via 3.9-7.07 s! for 'H at 7T field
(top half), and similarly for 3C although at a much slower time-
scale. At 3.4 T field the increase in coupling for 'H is only present
going from sample A to B, from ca. 5-20 s}, albeit less pronounced
(only by a factor four instead of eight at 7 T). Afterwards the cou-
pling does not further increase for 'H. For 3C the coupling also
shows a drastic increase at first, from 0.0024-0.0091s"!, and a
smaller increase to 0.014 s~! at the second concentration step.
Comparing the parameters from these model fits it is clear that
they reflect the changes in the time constants (T; and t) between
3.4T and 7T also seen in the mono-exponential fits shown in
Table 1. Simultaneously, a much lower coupling between the baths
is found at 7 T, especially for protons, although the ratio between
the two coupling constants kc and ky stays comparable when going
to higher field. Interestingly the parameters for the virtual cooling
reservoir change significantly between 3.4 and 7 T. At the higher
field cooling needs to be stronger (higher rate Rc) and the
cooling-baths temperature needs to be colder (higher enhancement
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Table 2

Parameters for the spin-thermodynamic model at 7 T (top) and 3.4 T field (bottom, see text for details).
Sample Re[s7'] Ry [s7'] Re[s7'] ke [s7'] ki [s7'] Re[s7'] gL
A 262104 2251073 1.610* 3.88 1074 0.46 250 150
B 6.74 1074 331103 5.88 107! 1371073 39 100 150
C 1.05 1073 841073 1.210°! 2571073 7.07 100 150
A 823104 51103 1.210°° 241073 498 7.9 100
B 5.88 1074 121072 493107 91103 20.4 14.7 100
C 411073 241072 63103 14102 20.81 27.4 100

ecp) in order to fit the model to the data. But this fact should not be
overemphasized, since these two parameters work together with
R. to determine the enhancement of the electron non-Zeeman bath
and are, therefore, only indirectly determined by the experimental
data. With that in mind the model could in principle be simplified
to contain fewer parameters, which is what we implemented by
fixing Rc. and é&cy.

Overall, the decrease in coupling within the model fits and the
difference in cooling reservoir parameters hints at the fact that the
physics of the polarization transfer changes significantly when
increasing the radical concentration and also when going from
3.4 to 7T field strength.

3.3. Spin-system initial conditions and model predictions

For the two samples B and C, which show, in the quasi-
equilibrium state under microwave irradiation, the same spin
temperature for carbons and protons within the experimental
errors, the response of the system to different initial conditions

was measured to assess how well the spin-thermodynamic
model can predict the spin dynamics in different situations.
These initial conditions are described in detail in Section 2.6
and include two with a cross-polarization (CP) step (initial con-
dition (i) and (iv)) and two with saturation of one or both nuclei
(initial condition (ii) and (iii)). The experimental data are shown
in Fig. 7 for sample B (50 mM TEMPO) and in Fig. 8 for sample C
(75 mM TEMPO).

Figs. 7 and 8 show that the model predicts the time evolution
for all initial conditions well. Especially the time evolution of the
protons is captured almost perfectly while there are some devia-
tions for the carbon time evolution.

Starting from initial conditions (ii) and (iv) the agreement
between experiments and model predictions is almost perfect for
both samples (see Figs. 7 and 8(b) and (d)). Less well predicted
are the time evolution for starting initial conditions (i) and (iii) cor-
responding to the data in Fig. 7(a) and (c). There are two main dis-
crepancies between the thermodynamic model and experimental
data. For one the model does not describe the buildup dynamic
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Fig. 7. Evolution of the enhancements of 'H (red squares) and '*C (blue circles) during four different initial conditions: (a) equals initial condition (i), (b) initial condition (ii),
(c) initial condition (iii) and (d) initial condition (iv) (see text for detailed explanation of initial condition) recorded for sample B (50 mM 40xo0-TEMPO). Dashed lines show
respective predictions from the spin thermodynamic model mentioned in the text. Proton enhancement in panel (b) is increased by a factor ten for visibility. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

accurately. In both cases the model predicts a slower buildup of the
enhancement albeit the final plateau value is predicted very well in
all cases. The only exception is Fig. 7(a), showing initial condition
(i) for sample C, where the experimental data is clearly lower than
the model prediction. But the experimental enhancement is also
lower than the enhancement measured previously for the standard
buildup-curves (see Fig. 5(c)). We suspect that there was either an
issue with sample heating or other experimental errors that lead to
lower final polarization values. A final answer to this would require
multiple measurements of each of the initial conditions.

Another feature that is no very well reproduced is the initial
mixing behavior of the carbon bath after a saturation of the pro-
tons (initial condition i), as can be seen in Fig. 7(a) and to a minor
extend also in Fig. 8(a).

3.4. Frequency-modulated microwave irradiation

It has been shown that dissolution DNP samples using radicals
with broad EPR lines show higher enhancements when modulating
the frequency of the microwave field [54-56]. Modulating the
microwave frequency within a 250 MHz band around a center fre-
quency with a modulation frequency of 500 Hz (see Section 2.7 for
details) resulted in notably different results for the samples A, B
and C as shown in Fig. 9.

Sample A (25 mM TEMPO) shows a significant boost in
enhancement and a reduction in the buildup time for both proton
and carbon spins. Proton enhancement is increased from 43 to 80
corresponding to an increase by a factor of almost 2. At the same
time the buildup time decreases moderately from 290 s to 220 s.
The data also shows that a smaller modulation band width
(100 MHz) leads to only slightly lower values than the maximum
modulation bandwidth. For carbon the enhancement in polariza-
tion is similar going from 85 to 150 corresponding to an increase
by a factor 1.8 and the buildup time decreasing from 1530 s to
1250 s (Fig. 9(d)). Despite the very different DNP profiles (see
Fig. 4(a)), the frequency modulation of the microwave irradiation

has very similar effects on the achievable enhancement and the
buildup time of both spins.

Increasing the radical concentration to 50 mM (sample B) leads
to a more modest improvement for protons from 90 to 100, while
the buildup time is almost constant changing from 45 s to 42 s. For
13C we also find a slightly higher enhancement, increasing from 90
to 120, while the buildup time is reduced less than 10%, namely
470 s compared to 435 s. However, the proton enhancement shows
a shallow maximum around 100 MHz modulation bandwith and
the carbon enhancement levels off already at 50 MHz.

Raising the concentration of 4-oxo-TEMPO even further, to
75 mM, (sample C) leads to a regime change, where frequency
modulation has a mostly negative effect on the DNP performance
as can be seen from Fig. 9(c) and (f). In the case of 'H the enhance-
ment reduces from 97 to 80 for the full modulation of 200 MHz.
Only a very small modulation bandwidth of 50 MHz gives slightly
higher enhancements. At the same time the buildup time remains
roughly the same at 34 s. For '>C we see a similar picture with a
drop of the enhancement from 87 to 83 and a slight rise in buildup
time from 215 s to 223 s.

All data discussed so far were acquired with a microwave power
of 50 mW which was experimentally optimized for the 50 mM
sample. In addition, we have also measured one data point using
the maximum available power of 110 mW at the maximum mod-
ulation bandwidth of 250 MHz. One can clearly see a boost of the
achievable polarization at higher microwave power which is
accompanied by a further reduction in build-up times.

Because frequency-modulated microwave irradiation covers a
broader part of the EPR line than standard cw irradiation it should
also change the DNP profile if it is recorded using FM, since it aver-
ages enhancements at multiple frequencies along the DNP profile
within the modulation band used, in line with the previous reports
for 'H earlier [54]. To check if this hypothesis also holds for '3C, a
DNP profile was recorded for sample A (Fig. 10). It uses a coarser
step size of 0.05 GHz for the microwave frequency and modulation
width of Af=100MHz around this center frequency. Indeed,
the shape changes significantly, as expected when using
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points indicated by * where it was set to the maximum power of 110 mW. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

frequency-modulated microwave irradiation (dashed, light blue difference between solvent and sample deuteration. Our setup also

line Fig. 10) compared to standard cw irradiation (Fig. 10 blue line, allowed measuring 2H data to include into the analysis.

red diamonds). The wings of the profile are more pronounced than Changing the solvents deuteration degree has no significant
without modulation and also the position of the minimum changes effect on the DNP profiles of all participating nuclei. Data is shown
towards higher frequencies, namely 197.45 GHz. in the Supplemental Material in Fig. S2.

Buildup and decay dynamics of samples B, B1 and B2 are plotted

in Fig. 11(a)-(c) in the left and right column respectively. All sam-

3.5. Effect of deuteration of solvent matrix on spin dynamics ples show an increase in enhancement with increasing degree of
deuteration going from around 100 without deuteration to 200

Different degrees of deuteration were applied to sample B when fully deuterated with an intermediate step of 150 for sample
(50 mM radical), see Table 3, in order to study the effect on the spin B1. While 'H and 2H show very similar enhancements in samples
dynamics. All samples contain 4.5 M ['3C] urea, which causes the B1 and B2, the enhancement of '3C also increases but to a lower
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Fig. 10. Normalized '3C DNP profile for sample A (25 mM radical) without
microwave frequency modulation (blue line), with frequency modulated micro-
wave irradiation (dashed blue line) and with coarse steps in microwave frequency
without modulation (red diamonds). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 3
Deuteration degrees of the solvent matrix used for samples doped with 50 mM 4-
0Oxo-TEMPO.

Sample Solvent deuteration Sample deuteration Solvent (1/1)yo
B 0% 0% Glycerol/H,0

B1 50% 58% Glycerol-d3/D,0
B2 100% 85% Glycerol-d8/D,0

degree, which increases the difference between '3C on the one side
and "H/?H on the other.

In terms of buildup time we see a shortening for 'H from 81 s to
around 31-33 s, while '3C and ?H do not show a conclusive trend
towards shorter buildup times, with 7 being shortest for the inter-
mediate case B1 and increasing again for sample B2. A similar sit-
uation is found for the decay times T; where protons also exhibit
shorter times at higher deuteration degree while carbon and deu-
terium do not show a conclusive trend towards any direction. See
Table 4 for a full summary of the parameters.

Dashed lines in Fig. 11 show the predictions from the spin-
thermodynamic model, each colored according to the nuclear spe-
cies, red for 'H, blue for '3C. The decay dynamics are predicted very
well for zero deuteration (sample B, panel (a)) and full deuteration
(sample B2, panel (c)), but not completely for the intermediate case
(sample B1, panel (b)). Buildup times are predicted well, except for
13C in sample B1 where the buildup is slightly underestimated. The
increase in enhancement is captured by the model for all three
samples with a slight overestimation for 'H in sample B1 and a
slight underestimation for >C in sample B2. Keeping in mind that
the error in these enhancements is about the same as for the
buildup data shown in Fig. 5 the model prediction is still quite
good.

4. Discussion

Recent theoretical analysis aiming to distinguish contributions
from different DNP effects (solid effect, cross effect, thermal mix-
ing) focused on an analysis of DNP profiles, rather than the spin
dynamics in the time domain. Taking advantage of characteristic
frequency differences between negative and positive DNP
enhancements (e.g. ~2my for the well-resolved solid effect), such
an analysis compares the changes in DNP profiles at different tem-
peratures (usually 5-50 K) using small scale quantum mechanical
models [39,40,57]. However, in the experimental setup used here,
such an approach is not possible due to technical limitations,
therefore, we focused on an analysis of time-dependent spin

dynamics. The data presented in Fig. 4 show that in none of the
samples investigated a clear indication for a dominant DNP mech-
anism is given. The closest match is in sample A (25 mM 4-Oxo-
TEMPO) where the frequency difference between enhancement
maxima is 280 MHz, which is close to the proton Larmor frequency
at 7 T which usually indicates a form of cross effect to be dominant.
All other profiles show differences between extrema of 400-
470 MHz, which does not correspond to a characteristic frequency
difference for either nucleus. Clearly the two spins couple stronger
when the concentration of the radical is increased. This is reflected
in their respective DNP profiles (Fig. 4) which go from DNP profiles
that are quite different at 25 mM to virtually identical ones at
75 mM radical concentration. At the same time, the enhancements
also equilibrate to the same level for higher concentration of elec-
trons, as seen in Fig. 5. These changes observed as a function of rad-
ical concentration hint at a change in DNP process. Yet the
presented NMR data does not allow to unambiguously conclude
which process is dominating.

In contrast to this, the data at 34T shows no significant
changes in the DNP profiles of 'H and '3C, only additional broaden-
ing with increasing radical concentration is present. At this field
the frequency difference between the enhancement maxima,
which lies between 300 and 350 MHz, does not allow a clear state-
ment of a DNP process, although for 'H the frequency difference at
25 mM radical concentration indicates a form of cross effect. Sim-
ilarly, the steady-state enhancements for both nuclei coincide for
all three samples indicating a stronger coupling between the two
nuclei already at lower radical concentrations. A small increase
in steady-state enhancement is observed when increasing the rad-
ical concentration above 50 mM.

In principle, additional EPR measurements (under DNP condi-
tions) might be able to further clarify the question of the mecha-
nism underlying the observed DNP enhancement. While it is
evident that homogeneous broadening due to increased electron-
electron interaction is present if the concentration of 4-Oxo-
TEMPO increases (see Fig. 4, black dashed lines) our setup does
not allow ELDOR-type experiments to verify the amount of elec-
tron spin diffusion (eSD) as a function of the concentration. The
electron relaxation time T;. cannot be measured with the
employed microwave source, although it should in principle be
possible with LOD EPR. Since it is, at the moment, also impossible
to perform hole-burning experiments to assess saturation of the
EPR line, our only indication toward eSD is the samples behavior
under frequency-modulated microwave irradiation. In sample A
with low radical concentration (see Fig. 9), both spins benefit sig-
nificantly from sweeping the frequency, indicating that a bigger
portion of the EPR line is saturated compared to standard cw irra-
diation. On the other hand, the enhancement of both spins in sam-
ple C, with a high radical concentration, drops with frequency
modulation, indicating either an over- or under-saturation of the
EPR line. Further studies are required to differentiate between
the two cases and would require a full power-dependent study
of the enhancement as a function of the modulation bandwidth.
At low concentration, the coupling of the electrons is weaker but,
interestingly, a spin-thermodynamic model can still fit the simul-
taneous polarization build up as shown in Fig. 5.

For samples B and C, the EPR line shape (broadening), the equi-
libration of DNP profiles and DNP enhancements, as well as the
behavior under frequency-modulated microwave irradiation indi-
cate that a spin thermodynamic model can be applied to describe
the data. Fitting such a model (described in Section 2.5) to the
buildup/decay data allowed us to reproduce the measured dynam-
ics in these samples very well. Furthermore, the model is able to
predict the spin dynamics in both samples for four different initial
conditions, as shown in Figs. 7 and 8. This is an important cross
check to confirm that the thermodynamic model characterizes
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Table 4
Summary of DNP fit parameters for samples B (fully protonated), B1 (58% deuterated) and B2 (85% deuterated) at 7 T field.
Sample e H 2H
B B1 B2 B B1 B2 B B1 B2
€ 108.1 126.8 165 119.9 1415 183.5 - 154.1 1944
/s 395 268 361 81 33 31 - 203 251
Ty/s 662 438 597 218 100 91 - 361 413

the spin dynamics under various starting conditions and not only
the polarization buildup that was used to fit the model. Since only
experimental data of the nuclei are used to characterize the ther-
modynamic model, it is clear that the electron side of the model
is not very well characterized. The outcome of the fits is quite
insensitive to the heat capacity of the eNZ bath and the coupling
to the cooling by microwave irradiation. The spin-
thermodynamic model does not allow definite statements about
the underlying quantum-mechanical processes that lead to the
polarization transfer. But it might offer a simple way to predict
how changes in the sample composition will influence the DNP
polarization buildup.

The deuteration of the solvent matrix is often used to boost
achievable polarization values. For deuterated samples, the DNP

profiles of all involved nuclei do not change significantly as the
degree of deuteration increases (shown in the Supplemental Mate-
rial Fig. S2(a) to (c)). The achievable enhancements increase from
roughly 100 at full protonation to around 200 at full deuteration
of the solvent, as shown in Fig. 11. While '3C and ?H show similar
timescales in their buildup and decay dynamics, they do not exhi-
bit a conclusive trend with the degree of deuteration. Protons show
a trend towards clearly shorter buildup/decay times with increas-
ing deuteration degree and dynamics are in general much faster
than either '3C or 2H. Since the concentration of electrons is con-
stant within this set of samples and replacing 'H with 2H decreases
the heat capacity of coupled systems as pointed out in the litera-
ture [58-60] this should lead to higher enhancements and faster
build-up times. At the same time, the spin-diffusion process could
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also be affected by the change in proton density leading to a poten-
tial slow-down of the polarization buildup. Experimentally, the
polarization buildup accelerates with increased deuteration which
is correctly predicted by the spin-thermodynamic model. At the
same time, deuteration of either the labeled target molecule or
the radical is beneficial due to increased T, times [61,62].

The prediction of the spin dynamics by our model for the
deuterated samples works reasonably well by adjusting the molar-
ity of the baths (Fig. 11, dashed lines). Compared to the fits of the
fully protonated samples, the enhancement of the cooling bath had
to be increased to 220 (from 150, see also Section 2.5 for details),
and the cooling rate had to be decreased to Rq =3.5s"!. With
these changes, the original data could be reproduced, while also
leading to a good prediction of the increased enhancements with
increased deuteration of the solvent. The fact that the cooling rate
becomes very small in order to balance the very cold temperature
of the cooling bath is intuitive but highlights again that the prop-
erties of the electron spin bath within the spin-thermodynamic
model are not very well defined by the experimental data.

To improve the model further, more EPR experiments under
DNP conditions are necessary to ensure R and ¢c. can be deter-
mined. The rest of the parameters can then be fit using the
buildup/decay data as input. These show how the spin reservoirs
are coupled for a given sample and indicate leakage of polarization
to the lattice. Certainly, the model cannot predict the changes with
radical concentration at the moment, although it even seems to
work if the nuclear baths are not at the same temperature, which
usually contraindicates the use of a thermodynamic description.
More understanding of how the EPR parameters are affected by a
change in radical concentration is necessary to explain this fact.
Such detailed information might come from a quantum-
mechanical approach to calculate interactions in the EPR line.
Combining the two approaches, it might be possible to simulate
how enhancements and timings change with sample composition.

5. Conclusion

In this article we presented experimental data on spin dynamics
under static DNP conditions at 3.4 and 7 T field for samples com-
posed of a glycerol/H,O matrix containing 4.5 M ['3CJurea doped
with 4-Oxo-Tempo.

We compared the DNP profiles as well as the buildup and decay
dynamics of the nuclear enhancement between the different field
strengths for three different samples doped with increasing
amounts of radical and discussed the experimental data within a
spin-thermodynamic framework. While the DNP profiles were very
similar for 'H and '3C for all samples measured at 3.4 T, we found a
clear dependence on radical concentration measuring at 7 T, with
increasing mixing of the two spins with increasing concentration.
Similarly, we found a clear change in dynamics depending on rad-
ical concentration at 7T field, namely an equilibration of the
enhancements of both spins, which was not as strong at 3.4 T. In
both cases the spin-thermodynamic model was able to character-
ize the dynamics well. At 7 T field we additionally used the model
to predict the spin dynamics after four different initial state prepa-
rations and found that the predictions agree well with the experi-
mental results. The spin dynamics can be fitted by a spin-
thermodynamic model even in cases where the final spin temper-
atures of the nuclei do not reach the same level. This clearly shows
that a spin-thermodynamic description is possible even in situa-
tions where the coupling of the two nuclear Zeeman baths is not
very strong. It is currently unclear under which conditions such a
model can successfully describe the spin dynamics.

We also investigated the impact of frequency-modulated
microwave irradiation on the samples at 7 T field. Using frequency

modulated microwave radiation, we found the same regime
change with radical concentration as seen in the dynamics data.
Low concentration samples (25 mM 4-0xo-Tempo) benefit signifi-
cantly from frequency modulation, while higher concentrations
either do not benefit (sample B, 50 mM radical) or even show a
drop in DNP enhancements with frequency modulation (sample
C, 75 mM radical). We interpret this as a sign for increased cou-
pling between electrons and increased electronic spin diffusion
within samples with higher radical concentrations leading to
under- or oversaturation of the EPR line.

Finally, we investigated how deuteration of the solvent matrix
changes the dynamics within sample B at 7 T field. In general, all
spins, including 2H, showed increased enhancements with increas-
ing degree of deuteration, enhancements go from around 100 at
full protonation to roughly 200 at full deuteration. At the same
time only 'H exhibited a clear trend towards faster buildup and
decay times, while the other spins showed no conclusive trend.
After adjusting the cooling bath temperature, to allow enhance-
ments of up to 220, and a corresponding change in the cooling rate
Rci, the spin-thermodynamic model was able to predict the
increase in enhancements and shortening of the 'H time constants
well, albeit with some error for 13C dynamics.
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