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Dynamic nuclear polarization (DNP) is a technique that uses a microwave-driven transfer of high spin
alignment from electrons to nuclear spins. This is most effective at low temperature and high magnetic
field, and with the invention of the dissolution method, the amplified nuclear magnetic resonance
(NMR) signals in the frozen state in DNP can be harnessed in the liquid-state at physiologically
acceptable temperature for in vitro and in vivo metabolic studies. A current optimization practice in
dissolution DNP is to dope the sample with trace amounts of lanthanides such as Gd3+ or Ho3+, which
further improves the polarization. While Gd3+ and Ho3+ have been optimized for use in dissolution
DNP, other lanthanides have not been exhaustively studied for use in 13C DNP applications. In
this work, two additional lanthanides with relatively high magnetic moments, Dy3+ and Tb3+, were
extensively optimized and tested as doping additives for 13C DNP at 3.35 T and 1.2 K. We have found
that both of these lanthanides are also beneficial additives, to a varying degree, for 13C DNP. The
optimal concentrations of Dy3+ (1.5 mM) and Tb3+ (0.25 mM) for 13C DNP were found to be less
than that of Gd3+ (2 mM). W-band electron paramagnetic resonance shows that these enhancements
due to Dy3+ and Tb3+ doping are accompanied by shortening of electron T1 of trityl OX063 free
radical. Furthermore, when dissolution was employed, Tb3+-doped samples were found to have similar
liquid-state 13C NMR signal enhancements compared to samples doped with Gd3+, and both Tb3+ and
Dy3+ had a negligible liquid-state nuclear T1 shortening effect which contrasts with the significant
reduction in T1 when using Gd3+. Our results show that Dy3+ doping and Tb3+ doping have a beneficial
impact on 13C DNP both in the solid and liquid states, and that Tb3+ in particular could be used as
a potential alternative to Gd3+ in 13C dissolution DNP experiments. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4973317]

I. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy, espe-
cially of nuclei other than proton and at low concentrations, can
be a challenging measurement owing to the inherently weak
magnetic moments of nuclear spins.1 As a result of relatively
low gyromagnetic ratio γ of nuclear spins, the spin popula-
tion difference between Zeeman energy states, quantified by
the polarization, can be quite miniscule. This is particularly
prominent in the case for low-γ nuclei such as 13C or 15N. Con-
sequently, NMR under these conditions often requires a large
number of scans in order to achieve adequate signal-to-noise.
While NMR is relatively insensitive, electron paramagnetic
resonance (EPR), a similar technology, does not suffer from
this problem. This is a consequence of the relatively higher
strength of the electron magnetic moment which is 3–4 orders
of magnitude stronger than that of most nuclei. Thus, at similar
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magnetic fields and temperatures, EPR will have a significantly
greater polarization, and hence, higher signal strength than
NMR.2

Dynamic nuclear polarization (DNP) resolves the insensi-
tivity problem of NMR by transferring the high thermal polar-
ization of electrons to nuclei.3 DNP was originally proposed as
a method of increasing polarization in metals,4 but was quickly
expanded to diamagnetic solids.5–7 The DNP process involves
microwave irradiation of a sample of nuclear spins in a glassy
solid doped with paramagnetic agents.3 For most of its history,
this technique was used to prepare polarized targets in particle
physics experiments,8 but has been revolutionized for chem-
ical and biomedical applications with the invention of disso-
lution DNP in 2003.9 In dissolution DNP, nuclear spins are
polarized in the solid state and subsequently dissolved rapidly,
resulting in a “hyperpolarized” room-temperature liquid yield-
ing liquid-state signal enhancements of typically more than
10 000-fold.9,10 Using this technology, samples containing
low-γ nuclei such as 13C may be both highly polarized and
physiologically compatible, allowing for biomedical applica-
tions such as 13C metabolic imaging in real-time.11–15
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The efficiency of DNP is highly dependent on the
sample composition and physical conditions under which it
takes place. Most commonly, high magnetic fields (typically
>3 T) and low temperatures (close to 1 K) are used in order
to ensure nearly complete electron polarization. Addition-
ally, the DNP enhancement is contingent on the frequency
of microwave irradiation used, which changes based on mag-
netic field and sample composition. One of the most important
determining factors of the overall DNP signal enhancement is
sample composition. The free radical used, the nuclei to be
polarized, the substrate containing the nuclei, and the sol-
vent in which the nuclei and free radical are dissolved all
play an important role in the optimization of DNP. In dissolu-
tion DNP, organic free radicals including trityls and nitroxides
are most commonly used as the polarizing agents.16,17 Other
radicals such as BDPA,18 DPPH,19 and galvinoxyl20 have
been used with some success as well as novel methods such
as photoinduced radicals21 and paramagnetic centers within
nanoparticles.22,23 Nitroxide free radicals have relatively wide
EPR linewidths, which are better suited for DNP of high-γ
nuclei such as 1H spins and also provide decent polarization
levels for low-γ nuclei such as 13C.24 This class of free radicals
maintain their popularity by being comparatively inexpensive,
highly water soluble, easily scavenged, and effective for cross
polarization DNP.25–30 Additionally, the DNP efficiency of
these radicals may be increased through other means such as
deuteration of the glassing matrix.31–33 Meanwhile, the trityls,
particularly OX063, which have some of the narrowest EPR
linewidths among free radicals, were found to be excellent
polarizing agents for low-γ nuclei like 13C.16,34 When using
these radicals, DNP enhancements may be improved further
by the addition of trace amounts of gadolinium.34–37 Recently,
it was found that the addition of holmium to a trityl-doped sam-
ple results in liquid state enhancement similar to that achieved
by using gadolinium.38 While the use of these lanthanides may
lead to significant polarization gains, the free ion form of these
lanthanides may lead to greater toxicity of the DNP sample,
which must be considered prior to in vivo biomedical applica-
tion.39 One method used to combat the toxicity of rare earth
metals is to encage these lanthanide ions with a chelating agent,
thus rendering them relatively inert in the body.40 Among the
more prominent ligands used in gadolinium contrast agents are
DTPA,40,41 HP-DO3A,42,43 and DOTA.44 Of these, DOTA is
considered to have high thermodynamic stability and kinetic
inertness, and as such is an ideal gadolinium chelating ligand
for use in in vivo studies.41

While a variety of Ln(iii) complexes have numerous
biomedical applications, particularly in contrast-enhanced
MRI,45 only Gd3+ and Ho3+ have been studied extensively
as beneficial doping agents in 13C dissolution DNP.35–38 This
in part takes precedent from a previous preliminary study
which has shown that only Gd3+ and Ho3+ ions have bene-
ficial effects on 13C DNP, while the other Ln(iii) ions appear to
have no apparent effect on 13C DNP enhancements for trityl-
doped samples.37 We would like to note that the measurements
in the aforementioned previous DNP study on using lan-
thanide ions37 were not really extensively optimized in terms
of concentration dependence and the fact that the optimum
DNP microwave frequency could shift with lanthanide doping.

Thus, in this work, we have revisited the question on whether
Gd3+ and Ho3+ really stand alone among the lanthanides as
beneficial additives in 13C dissolution DNP samples. Due to
the high cost of trityl OX063 free radical and DNP instrumen-
tal operation, we have selected only two lanthanides, Tb3+ and
Dy3+, for extensive 13C DNP optimization studies. Tb3+ and
Dy3+ have among the highest magnetic moments in the lan-
thanide series, on par with Gd3+ and Ho3+. In fact, in terms
of magnetic susceptibility (µeff ) that is affected by many other
physical properties mostly related to the ion anisotropy, Tb3+

and Dy3+ presented the highest and most promising parame-
ters.46 We have used Tb-DOTA and Dy-DOTA for the 13C DNP
study and carefully recorded the effects on DNP microwave
sweeps, relative 13C solid-state polarization buildup curves,
liquid-state 13C enhancement, and relaxation. The substrate
used in these studies was [1-13C] sodium acetate, which was
chosen for its biological relevance and comparatively low cost.
Furthermore, W-band EPR was used to elucidate the physical
mechanisms of free electrons that are at play in 13C DNP. With
these optimized steps for measurements, the main goal of this
work was to investigate whether these two selected lanthanides
have any beneficial impact on 13C DNP similar to the effects
of Gd3+ and Ho3+ complexes.

II. EXPERIMENTAL
A. Sample preparation

Chemicals and reagents were acquired commercially and
used without further purification. For each sample studied by
DNP, 24.9 mg of [1-13C] sodium acetate (Cambridge Isotope
Lab, MA) was added to 100 µl of 1:1 v/v water:glycerol solu-
tion. This was prepared several hours prior to polarization and
frozen at �20 ◦C until the experiment time. Immediately prior
to the polarization, samples were thawed and 2.14 mg of trityl
OX063 free radical was added to the solution. The final con-
centration in the solutions of sodium acetate and trityl OX063
was 3M and 15 mM, respectively. These DNP samples were
prepared in 100 µl aliquots and doped with varying concentra-
tions of Dy3+-DOTA or Tb3+-DOTA. The Dy-doped samples
were prepared from an aqueous stock solution of 135.0 mM
Dy3+-DOTA (deionized water, pH 7.2) and Tb-doped sam-
ples from an aqueous stock solution of 124.5 mM Tb3+-DOTA
(deionized water, pH 7.2).

The Dy3+-DOTA or Tb3+-DOTA was prepared by adding
to solutions free ligand (DOTA4�) at M/l molar ratios of 1:1.05,
and the resulting solutions were heated at 338 K under stirring
for a least 12 h. The pH was kept close to 7 by periodic addition
of aqueous KOH. The absence of free Dy3+ and Tb3+ ions
in solution was verified by the xylenol orange test.47,48 Final
concentrations were checked by the Evans method.

The concentrations studied for Dy were 1.0, 1.5, 2.0,
3.0, and 4.0 mM and for Tb were 0.125, 0.25, 0.5, 1.0, 1.5,
2.0, 3.0, and 4.0 mM. Control samples and two additional
samples, one containing 2 mM Ho3+-DOTA and one contain-
ing 2 mM Gd3+-DOTA, were also made for comparison. The
holmium and gadolinium samples were prepared from aqueous
stock solutions of 218 mM Ho3+-DOTA (deionized water, pH
7.2) and 79.65 mM Gd3+-DOTA (deionized water, pH 7.2),
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FIG. 1. The free radical polarizing agent and lanthanides complexes used in
this work.

respectively. The free radical and DOTA ligand used in this
work may be seen in Fig. 1.

B. EPR measurements

EPR measurements were conducted on a reference sam-
ple as well as samples doped with Tb, Gd, and Dy. The EPR
experiments were performed prior to DNP experiments, and as
such optimal concentrations had not yet been determined. Pre-
vious work has shown that the optimal concentration for both
gadolinium and holmium is 2 mM,34,35,38 so this was chosen
to be the concentration of terbium and dysprosium studied
in order to compare their electron T1 under the same con-
ditions. Measurements were performed at the National High
Magnetic Field Laboratory (NHMFL) in Tallahassee, FL in
the W-band (94 GHz) on a Bruker E680 EPR spectrometer
(Bruker Biospin, Billerica, MA) using a Bruker TE011 cylin-
drical cavity. The temperature of the sample was regulated
using a CF1200 helium flow cryostat (Oxford Instruments,
UK). Prior to insertion in the cylindrical cavity, samples were
loaded in 0.15 mm ID thin quartz capillary tubes. Temper-
ature dependent electronic T1 data for trityl OX063 were
recorded using saturation recovery, and the EPR spectra were
monitored using the field-swept electron spin-echo method.
Samples were studied at temperatures down to the low tem-
perature limit of 5 K in order to most closely match DNP
conditions.

C. Hyperpolarization and NMR measurements

All hyperpolarization experiments were conducted at the
Advanced Imaging Research Center at the University of Texas
Southwestern Medical Center (UTSW) using the commer-
cial HyperSense polarizer (Oxford Instruments, UK). This
polarizer uses a 3.35 T superconducting magnet, and the
cryostat vacuum space has a base temperature of 1.2 K due
to a roots blower pump vacuum system (Edwards Vacuum,
UK). Irradiation of the sample in this polarizer is provided
by a 100 mW ELVA microwave source (ELVA-1 millimeter

Wave Division, RU) with a 400 MHz sweepable frequency
range.

13C samples prepared as described above were inserted
into the polarizer. Before running polarizing buildup experi-
ments, microwave frequency sweeps were conducted for sam-
ples with various concentrations of Tb3+ and Dy3+ in order
to determine the optimum polarization frequencies for DNP.
The 13C NMR signal of the sample was measured after 3 min
of polarization at 5 MHz intervals over the range of the
microwave source using a sweep program in the HyperSense.
After each NMR scan, a series of hard pulses was applied to
the sample to remove polarization built up at the previous fre-
quency. In this manner, the positive P(+) and negative P(�)
polarization peaks were found for different concentrations
of the studied lanthanides. These were then normalized for
comparison.

After the optimum irradiation frequencies were found,
13C polarization buildup curves were measured for each sam-
ple. This was accomplished by irradiating each sample at the
frequency determined by the positive polarization peak P(+)
and measuring the 13C NMR signal every 3 min until the curve
had approximately reached a plateau. The actual percent polar-
ization for samples was not found due to the prohibitively
long acquisition times necessary to measure the thermal 13C
polarization. Rather, the relative polarization level was used
to evaluate the efficacy of the lanthanide complexes on 13C
DNP. This is in line with previous studies which have used the
same method to compare DNP performance.32,35–38 Build-up
curves were recorded and fit with single exponential equa-
tions, and using the fit, the relative polarization at 10 000 s
was extrapolated.

Due to the large number of samples to be studied and lim-
ited access to the HyperSense polarizer, only single build-up
curves were taken for samples with non-optimal concentra-
tions of lanthanide. Meanwhile, the 13C DNP samples doped
with optimal lanthanide concentrations 1.5 mM Dy3+-DOTA,
0.25 mM Tb3+-DOTA, 2 mM Gd3+-DOTA, and the control
sample were each measured in triplicate. For each of the three
trials, new samples were freshly made prior to polarization.
One dissolution per lanthanide was carried out after these sam-
ples had reached maximum polarization. Upon dissolution,
approximately 4 ml of aqueous solution of hyperpolarized
[1-13C] acetate was transferred through 0.125 in. OD PTFE
tubing to a 10 mm NMR tube (Wilmad-LabGlass, NJ) which
was already placed inside a 400 MHz Varian NMR magnet
(Agilent Technologies, CA). This transfer was an automated
process with a total shuttling time of 8 s from the Hyper-
Sense to the high resolution NMR magnet. Once the liquid
had been transferred, the decay of the hyperpolarized signal
was monitored by applying 5◦ RF pulses at 2 s intervals.
The first scan was taken immediately following the trans-
fer of hyperpolarized liquid with a delay of 0.01 s. Follow-
ing the array of scans, the sample was removed from the
magnet for a specific time to ensure complete relaxation of
the hyperpolarized signal. Subsequently, it was then returned
to the magnet where a single NMR scan was taken using
a 90◦ RF pulse in order to obtain the thermal equilibrium
polarization from which liquid-state enhancements could be
calculated.
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D. Data analysis

All data were plotted and analyzed using Igor Pro ver-
sion 6.2 (Wavemetrics, Lake Oswego, OR). Mean values
and standard deviations were calculated for experiments with
N = 3 trials. Liquid-state 13C NMR data taken post disso-
lution in a Varian NMR spectrometer were processed using
ACD labs version 12.0 (Advanced Chemistry Development,
Toronto, Canada).

III. RESULTS AND DISCUSSION

One of the primary determining factors in total DNP
enhancement of the NMR signal is the free radical that pro-
vides the electrons from which polarization is transferred to
nuclei.17,18,20,21,31,34,49 Trityl OX063, the stable organic radi-
cal used in this work, has a very narrow EPR linewidth that
makes it ideal for polarizing low-γ nuclei such as 13C. When
using this free radical to polarize low-γ nuclei such as 13C
spins, DNP data at 3.35 T and temperatures close to 1 K
have shown indications of thermal mixing (TM) as the pre-
dominant DNP mechanism.24,50–53 Other DNP data at similar
conditions suggested that the mechanism could be a combina-
tion of the solid effect (SE) and cross effect (CE).54–56 Unlike
the solid effect (SE)57 and the cross effect (CE),54,58 TM is a
many-spin model for polarization that treats spin interactions
as thermodynamic reservoirs.24,59 Namely, these reservoirs are
the nuclear Zeeman system (NZS) and electron Zeeman sys-
tem (EZS), and the electron dipolar system (EDS). In terms
of this model, the polarization method may be qualitatively
understood as microwave irradiation cooling the EDS and
subsequent thermal contact with the NZS (via the hyperfine
interaction), leading to a decrease in the NZS spin tempera-
ture, i.e., an increase in nuclear polarization. Quantitatively,
the maximum polarization achievable in this model is

Pmax = BI
*
,
I βLωe

ωI

2D
1√

η (1 + f )
+
-

, (1)

where BI is the Brillouin function, I the nuclear spin,
βL = ~/kTL the inverse lattice temperature, ωe and ωI the
electron and nuclear Larmor frequencies, respectively, D the
radical EPR linewidth, η = tZ/tD the ratio of electron Zeeman
to electron dipolar relaxation times, and f a general “leakage
factor” that encompasses nuclear relaxation effects.24

A. EPR of trityl doped with Ln3+

Because the free radical plays such a significant role in
determining the overall polarization enhancement, it stands to
reason that changing the electronic properties of the radical
by addition of lanthanide complexes could change the maxi-
mum polarization.34,60 In order to thoroughly investigate these
changes, field swept EPR spectra (Fig. 2(a)) and the tempera-
ture dependence of electron T1 were studied for the samples
of interest. T1 was determined by fitting the electron relax-
ation recovery curves using a double-exponential build-up
M (t) =Ma exp

(
−t/T1,a

)
+Mb exp

(
−t/T1,b

)
+C. This equa-

tion resultsin two relaxation times, the longer of which (T1,a)

FIG. 2. (a) Field-swept W-band EPR spectra of trityl OX063 at 10 K in the
absence or presence of trace amounts of lanthanides. (b) Temperature depen-
dence of electron T1 for trityl OX063 with and without lanthanide doping.
The power law equation of best fit is shown for each data set with dashed lines
and the power displayed for each sample.

corresponds to the electron T1 while the shorter corresponds
to the relaxation effects contributed by electron-electron cross
relaxation effects.61,62 Electron T−1

1 was plotted vs. tempera-
ture on a log-log plot (Fig. 2(b)), and a power law equation
(T−1

1 = ATα) was fitted to the data.
At high temperatures, the electron T1 of undoped trityl

OX063 increases rapidly as the temperature is reduced, with a
dependence of α ≈ 4. This suggests that at temperatures above
about 50 K, electron relaxation is dominated by multiple-
phonon processes such as the Orbach process.63 Below 50 K
to about 20 K, there is a decrease in the rate of change of
T−1

1 , with temperature having α ≈ 1.75. Because this value is
close to 2, it indicates that electron relaxation in this temper-
ature regime is dominated by the Raman process.63 Below
20 K, the dependence falls to α ≈ 0.70, which points to the
one-phonon direct process as the primary means of electron
relaxation.63

Samples doped with 2 mM Ln(iii) complex gave nearly
identical electron relaxation data. For each of the samples,
there was only one major change in the power law fitting,
which occurred at a higher temperature (90 K) than did
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the shift in the reference data. Above 90 K, the electron
relaxation rate is nearly identical to that of the reference sam-
ple, but is much more rapid below this temperature. In this low
temperature regime, T−1

1 changes with temperature with an
α ≈ 1 dependence, suggesting that below 90 K, the direct
process dominates the electron relaxation behavior for the lan-
thanide doped samples. The lowest temperature studied for
EPR was 5 K, but based on the trends of both the reference
and lanthanide samples, it is likely that electron relaxation is
dominated by the direct process at DNP temperatures near 1 K.
This is corroborated by a previous study34 which shows that
the trityl electron relaxation of a reference sample close to 1 K
falls reasonably close to a fit of relaxation data between 5 and
20 K extrapolated to 1 K.

B. 13C solid state polarization

In order to ensure that samples were irradiated at the opti-
mum frequency, microwave frequency sweeps were taken for
all samples. Representative 13C microwave frequency sweeps
are shown in Fig. 3. Similar to previous studies of Gd3+ in
DNP, Tb3+ and Dy3+ doped samples resulted in DNP spectra
that had P(+) and P(�) shifted toward each other.36,60 At the
optimum concentration of Dy3+-DOTA (1.5 mM), both posi-
tive and negative polarization peaks were shifted by 20 MHz
from the reference sample. This shift was consistent over
all concentrations of Dy studied, only increasing to 25 MHz
for both peaks with 4 mM Dy. For the sample doped with
the optimum concentration of Tb3+-DOTA (0.25 mM), P(+)
was shifted by 25 MHz, while P(�) was shifted only by
20 MHz. Decreasing the concentration of Tb3+ by half reduced
the shift to 15 MHz from reference for both peaks, while
increasing the concentration to 4 mM Tb3+ increased it to
30 MHz.

From a theoretical perspective, the locations of posi-
tive and negative polarization peaks can be approximated
by Borghini’s spin-temperature model.3,64 Using this model,
the DNP spectrum, including P(+) and P(�), depends almost
entirely on the features of the EPR spectrum of the free radi-
cal used, with smaller contributions from electron and nuclear
relaxation. In order to understand the microwave spectra, it
is important to consider the EPR data gathered, which show
minimal differences in EPR spectra and very significant dif-
ferences in electron relaxation as discussed above. Though
electron relaxation is a less dominant contributing factor in
the microwave spectra based on the original Borghini model,
it is possible that the magnitude change in relaxation time at
low temperature is sufficient to cause a narrowing of the DNP
spectrum.

On the other hand, other works have suggested that DNP
under similar experimental conditions may be described by a
combination of the solid effect and indirect cross effect that
could be prevalent in samples having paramagnetic centers
with inhomogeneously broadened EPR line shapes.54–56 The
change in DNP spectrum seen with lanthanide doping may
be understood equally well by this model. The shortening of
electronic T1 induced by the lanthanide ion changes the level of
contribution from the SE and CE, in this case accentuating the
contributions from both mechanisms.55 It is important to note

that full quantum mechanical models have been developed to
explain this experimental DNP effect using these 2-spin and
3-spin processes.54–56

Once the polarization peaks were determined by way of
microwave frequency sweeps, polarization build-up curves
were taken by irradiating samples at the positive polarization
peak P(+) while monitoring polarization at 3 min intervals.
Initially, concentrations of 0 mM, 1 mM, 1.5 mM, 2 mM,
3 mM, and 4 mM of both Dy3+ and Tb3+ were studied. Sam-
ples were polarized for between 1.5 and 2 h and the data fit
with a single exponential. For final comparison, data were
extrapolated to 10 000 s. After these data were collected,
it was found that Dy3+ had an optimum concentration of
1.5 mM. In addition, it was found that 0.25 mM Tb3+ dop-
ing resulted in the largest polarization gain. 13C polarization
enhancements relative to the reference sample are displayed
in Fig. 4(a) for each of the concentrations of Tb and Dy stud-
ied. The polarization increases from 0 mM doping to the
optimum concentration and decreases fairly rapidly at con-
centrations above the optimum. This is in contrast to the
behavior of Gd3+, which yields a “plateau” in polarization
level improvement at concentrations between 2 and 8 mM,37,60

but is quite similar to the “peak” behavior exhibited by Ho3+

doping.37,38

In Fig. 4(b), the build-up time constant is shown for each
concentration of the two lanthanides. From these data, it is

FIG. 3. Microwave frequency sweeps of 13C DNP signals for 100 µl samples
of 3M [1-13C] sodium acetate in 1:1 v/v glycerol:water doped with 15 mM
trityl OX063 and varying concentrations of (a) Dy-DOTA and (b) Tb-DOTA.
All measurements were taken at 3.35 T and 1.2 K with a 100-mW sweepable
microwave source.
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FIG. 4. (a) Relative 13C DNP build-up curves for [1-13C] acetate doped with
15 mM trityl OX063 and doped with the specified amount of Ln(iii) complex.
(b) The relative 13C DNP enhancement of Tb3+- and Dy3+-doped samples as
a function of their concentration. 13C DNP intensities were normalized with
respect to the DNP signal of the reference sample.

clear that, generally, a higher concentration of Tb or Dy leads
to faster build-up. However, for Tb, even very small concen-
trations drastically reduce the polarization time, while for Dy,
even high concentrations do not increase the polarization rate
significantly. 13C polarization build-up curves using optimal
concentrations of each of the lanthanides studied are shown
in Fig. 4(c). All curves are scaled such that the reference
data are normalized. Dy was found to be the least effective
of the lanthanides studied with a less than 2-fold enhance-
ment. While 13C DNP samples doping with Tb (∼2.5-fold)
and Ho (∼3-fold) yielded significant improvements in DNP
level with respect to that of the reference sample, it is apparent
that Gd (∼3.5-fold) doping in the sample results in the greatest
solid-state 13C polarization gain.

We would like to point out that the improved 13C polar-
ization level observed here with Tb3+ and Dy3+ doping is a
combined result of determining the optimum doping concen-
tration and optimum microwave irradiation frequency. With-
out carefully following the shifts in optimum microwave
frequency with lanthanide doping, the advantage of Tb or
Dy doping in 13C DNP may not be as prominent as they
were found to be here. For instance, the optimum microwave

frequencies for the reference (0 mM Tb-DOTA) and optimally
Tb-doped (0.25 mM Tb-DOTA) 13C DNP samples are approx-
imately 25 MHz apart. Without the 25 MHz microwave shift
correction for Tb doping, one could look at 13C DNP spec-
tra shown in Fig. 3(b) and predict that the polarization level
will only be around 50% of the supposed maximum polar-
ization. Furthermore, the achieved 13C polarization levels are
very dependent on the concentration of the lanthanides as can
be seen in Fig. 4(b). The 13C DNP enhancement effects of
Dy3+ and Tb3+ doping reported here appear to be at odds with
a previous study that showed that except for Gd3+ and Ho3+,
the other lanthanides including Tb3+ and Dy3+ had no apparent
beneficial impact on 13C DNP.37 In terms of sample composi-
tion, the primary difference between the two studies is the use
of Ln3+ chlorides by Gordon et al.,37 whereas in this study each
lanthanide was chelated in a DOTA complex. It is possible that
the ligand to which the lanthanides are bound affects the mag-
netic properties in such a way as to increase 13C polarization
enhancement.65–67 Moreover, the more probable reason for
this difference in the results is that, unlike the aforementioned
previous study,37 the microwave frequency shift and lanthanide
concentration dependence were carefully followed in this
work.

The improvement of the 13C DNP signal with lanthanide
doping is attributed to the shortening of the electronic relax-
ation time of the free radical through interaction with the
lanthanide dopant.37,60,68 Under the thermal mixing model,
this may be seen in Equation (1) in which η is reduced by
a shortening of electronic T1, leading to greater achievable
polarization. It should be noted that the improvement of 13C
polarization may also be described using a combination of the
cross and solid effects as presented by Ravera et al.55 In either
case, it is clear that there are a number of factors in addition
to electronic T1 that must contribute given that EPR shows
that the trityl electron relaxation rate is similarly affected by
each of the lanthanides studied. One possible explanation is
the effect of a given lanthanide on the nuclear relaxation rate
as discussed previously. Given this, though, it is difficult to
pinpoint the origin of the significant polarization differences
among the lanthanides. Of the four different lanthanides con-
sidered in this work, magnetic moment strength ranges from
7.94 µB for Gd3+ to 10.6 µB for Dy3+ and Ho3+ with Tb3+ inter-
mediate at 9.7 µB.65 Additionally, the electronic relaxation
rates for Ho3+ and Tb3+ are nearly identical at room temper-
ature, with Dy3+ having a slightly longer relaxation time and
Gd3+ a relaxation time four orders of magnitude longer.69,70

Of course, low temperatures could have a significant effect
particularly on the relaxation behavior of lanthanide ions, but
these values point to the difficulty of assigning a precise cause
for the observed polarization behavior. It is currently unclear
to us as to the exact cause of the drastic difference in optimal
concentration for Tb3+ when compared to the other studied
lanthanides. One possibility is that it might be related to the
degenerate ground state present for this lanthanide. From all
the lanthanides studied here presenting half-odd integer val-
ues, Tb3+ is the only one not belonging to the family of the
Kramers ions. This is associated with non-constant magnetic
moments in the absence (or presence) of an external magnetic
field.71,72
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C. Liquid state dissolution

After the optimal concentrations of Tb3+ and Dy3+ were
determined, the liquid state properties of the samples with
optimal concentrations were studied by rapidly dissolving the
sample and monitoring the 13C NMR signal in a 400 MHz
high resolution magnet. We would like to note that the trans-
fer of the dissolution liquid from the 3.35 T hyperpolarizer
to the NMR tube in a 9.4 T NMR magnet takes 8 s to com-
plete. All liquid-state 13C NMR enhancements reported here
were taken right after the dissolution transfer. In order to
compare the liquid state enhancements of the Ln(iii) doped
samples, T1 was determined by fitting the relaxation data to
an exponential decay as previously described.50,73 Nuclear
relaxation due to both T1 relaxation and RF pulse excitation

FIG. 5. (a) Decay of NMR signal intensity following dissolution of the polar-
ized sample for a reference sample and samples doped with Tb3+, Dy3+, and
Gd3+. (b) Representative figure displaying the hyperpolarized and thermal 13C
NMR signal for a Tb3+-doped sample. (c) Comparison of liquid state NMR
enhancements for the Ln(iii) complexes studied in this work.

was taken into account in this fitting. The data collected mon-
itoring relaxation as well as the fitting is shown in Fig. 5(a).
From this, it is clear that Gd3+, despite being chelated in a
DOTA complex, still has a significant shortening effect on the
13C T1 due to its strong paramagnetism.74 Tb3+ and Dy3+, on
the other hand, have almost no effect on liquid-state T1, with
relaxation data essentially identical to the reference sample.
This may be explained by the very rapid electronic relaxation
times of the electrons of these lanthanides, which reduce the
overall effect on nuclear relaxation.37

In order to quantify the overall liquid state enhancement
achieved by each sample, the integrated area under each NMR
peak was calculated for both the hyperpolarized (AHP) and
thermal (ATh) signals. Then, the DNP enhancement was cal-
culated as documented previously.38 The hyperpolarized 13C
NMR spectra were taken approximately 8 s after the initial
dissolution in order to accommodate the shuttling time from
the polarizer to NMR magnet. A representative hyperpolar-
ized and thermal signal, taken for the 0.25 mM Tb3+ sample,
is shown in Fig. 5(b). The enhancements for Tb3+, Dy3+, Gd3+,
and the reference sample are shown in Fig. 5(c). Despite a solid
state polarization about 3.5 times that of the reference, Gd3+

doping results in a liquid state enhancement just over twice
that of the reference sample. Significantly, Tb3+ results in a
nearly identical liquid state enhancement. This is a result of
T1 relaxation in the time interval between polarization and the
start of the NMR scan. Because the relaxation rate with Gd3+ is
increased, there is a greater amount of polarization lost during
shuttling than for Tb3+ or Dy3+, allowing for comparable liq-
uid state enhancements for Tb3+ in spite of significantly lower
solid state enhancement. The fact that Dy3+ and Tb3+ are less
efficient relaxation agents compared to Gd3+ is advantageous
for 13C dissolution DNP since longer nuclear T1 translates to
longer hyperpolarization lifetime of 13C spins.

IV. CONCLUSION

In summary, we have shown that in addition to Gd3+ and
Ho3+ doping, Dy3+ and Tb3+ complexes are also beneficial
additives to samples for 13C DNP at 3.35 T and 1.2 K. Sim-
ilar to the effects of Gd3+ and Ho3+ doping, the locations of
the optimum microwave irradiation frequencies for 13C sam-
ples doped with Dy3+ and Tb3+ are shifted depending upon the
concentration, and thus it is important to carefully follow these
shift corrections for optimized DNP results. The optimum con-
centrations for Tb-DOTA and Dy-DOTA doping were found
to be 0.25 mM and 1.5 mM, respectively, which are relatively
lower than the optimal DNP concentrations of Gd3+ (2 mM)
and Ho3+ (2 mM) doping. At the optimum concentrations,
Dy3+ and Tb3+ doping yielded significant improvements on
the 13C solid-state DNP signals, with enhancement factors of
around 1.8 and 2.5-fold, respectively, relative to the 13C DNP
signal of a reference or undoped sample. W-band EPR results
have shown that while the trityl OX063 free radical spectra are
not significantly affected by lanthanide doping, the electron
T1 of the free radical is drastically reduced especially at low
temperatures. The significant gain in 13C DNP signal with lan-
thanide doping is ascribed to a thermal mixing model where
shortened electron T1 of the free radicals leads to dominant
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electron cooling in DNP, thus resulting in lower spin tem-
perature in electron dipolar system, and consequently higher
nuclear polarization. Moreover, Tb3+ and Dy3+ are less effec-
tive relaxation agents compared to Gd3+—an attribute that is
advantageous in preserving the hyperpolarized state after the
dissolution process.
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