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The influence of Ho3+ doping on 13C DNP in the
presence of BDPA†

Ram B. Khattri,*a Ali A. Sirusi, *b Eul Hyun Suh,c Zoltan Kovacsc and
Matthew E. Merritt a

Polarization transfer from unpaired electron radicals to nuclear spins at low-temperature is achieved

using microwave irradiation by a process broadly termed dynamic nuclear polarization (DNP). The

resulting signal enhancement can easily exceed factors of 104 when paired with cryogenic cooling of

the sample. Dissolution-DNP couples low temperature polarization methods with a rapid dissolution

step, resulting in a highly polarized solution that can be used for metabolically sensitive magnetic

resonance imaging (MRI). Hyperpolarized [1-13C]pyruvate is a powerful metabolic imaging agent for

investigation of in vitro and in vivo cellular metabolism by means of NMR spectroscopy and MRI.

Radicals (trityl OX063 and BDPA) with narrower EPR linewidths typically produce higher nuclear

polarizations when carbon-13 is the target nucleus. Increased solid-state polarization is observed when

narrow line radicals are doped with lanthanide ions such as Gd3+, Ho3+, Dy3+, and Tb3+. Earlier results

have demonstrated an incongruence between DNP experiments with trityl and BDPA, where the optimal

concentrations for polarization transfer are disparate despite similar electron spin resonance linewidths.

Here, the effects of Ho-DOTA on the solid-state polarization of [1-13C]pyruvic acid were compared for

3.35 T (1.4 K) and 5 T (1.2 K) systems using BDPA as a radical. Multiple concentrations of BDPA were

doped with variable concentrations of Ho-DOTA (0, 0.2, 0.5, 1, and 2 mM), and dissolved in 1 : 1 (v/v) of

[1-13C] pyruvic acid/sulfolane mixture. Our results reveal that addition of small amounts of Ho-DOTA in

the sample preparation increases the solid-state polarization for [1-13C] pyruvic acid, with the optimum

Ho-DOTA concentration of 0.2 mM. Without Ho-DOTA doping, the optimum BDPA concentration

found for 3.35 T (1.4 K) is 40 mM, and for 5 T (1.2 K) system it is about 60 mM. In both systems,

inclusion of Ho-DOTA in the 13C DNP sample leads to a change in the breadth (DDNP) of the extrema

between the P(+) and P(�) frequencies in microwave spectra. At no combination of BDPA and Ho3+ did

polarizations reach those achievable with trityl. Simplified analysis of increased polarization as a function

of decreased electron T1e used to explain results in trityl are insufficient to describe DNP with BDPA.

1 Introduction

Nuclear magnetic resonance (NMR) is a non-invasive and
versatile technique that is associated with high specificity in
molecular and structural studies of materials. In the past, the
low sensitivity associated with NMR made magnetic resonance
spectroscopy for biological specimens using 1H detection chal-
lenging, and nearly impossible for low gyromagnetic ratio
nuclei such as 13C, 15N, and 17O. Insensitivity associated with
these low gyromagnetic ratio nuclei in NMR can be addressed

by dynamic nuclear polarization (DNP).1–6 At moderate magnetic
field strengths (42.5 T), and low temperatures (B1 K), the
electron polarization associated with paramagnetic centers
doped into a sample can approach unity. Irradiation with
microwaves close to the electron Larmor frequency results in
polarization transfer to surrounding nuclei, with solid state
polarizations of carbon-13 readily reaching 50%.7 Dissolution
DNP (d-DNP) uses superheated water to rapidly melt the
hyperpolarized (HP) target, resulting in HP solutions suitable
as metabolic contrast agents for use with magnetic resonance
imaging (MRI). When paired with isotopic enrichment of
the target, the sensitivity of the experiment compared to
thermally polarized, natural abundance carbon-13 spectroscopy
is easily increased by 5 orders of magnitude. The increased
sensitivity allows biochemical reactions in functioning tissues
to be observed with 1 s time resolution. Because the HP
magnetization decays towards the equilibrium polarization
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with the normal T1e relaxation time, 13C enriched small mole-
cules utilized in central carbon metabolism have been the
substrates of choice for development of this new class of meta-
bolic contrast agents. These include acetate,8–10 butyrate,11 and
most importantly pyruvate,12–17 all of which display long 13C T1e

relaxation times when labelling is restricted to the non-protonated
carbons.

Maximal polarization enhancement plays a major role in
completing 13C NMR or MRI HP experiments successfully.
Therefore, optimization of DNP conditions are warranted.
The DNP enhancement is affected by several factors that
include sample composition and concentration, types of radicals
used, glassing agents with or without deuteration,10,18 lanthanide
as a relaxation agent,7,9,10,13,19–21 microwave power and frequency,
temperature, and magnetic field.22–25 So far, several radicals with
either wide or narrow ESR linewidths have been reported to
enhance polarization of different types of targeted nuclei.7,22,26–30

The carbon centered tris 1-benzo(1,2-d:4,5-d)-bis(1,3)dithiole-4-
ylmethyl sodium salt (trityl OX063) has been the DNP agent of
choice, producing polarizations in excess of all other free radical
centers.7,9,21,22,31 The ESR linewidth of the trityl radical exceeds the
Larmor frequency of 13C (36 MHz) at 3.35 T, a field commonly used
for these experiments. In this experimental condition, DNP is
generally considered to occur by a three spin effect involving two
electrons and a dipolar coupled nucleus (the cross-effect, CE) or by
thermal mixing (TM). TM is readily described using the Borghini
spin temperature model, which has been recently extended to high
polarizations by Wenckebach.32 However, other work suggested
that a third mechanism, the electron-nuclear two-spin solid effect
(SE) might also contribute at 3.35 T and at temperatures 10 K or
higher.25 It is not clear however that this description holds
at temperatures close to 1 K, as another report showed a strict
conservation of spin temperature between 13C and 89Y, an
observation that would normally be used as strong evidence of
being exclusively in the thermal mixing regime.6 While trityl is
very effective as a polarization agent, its production is also very
expensive, limiting its ready availability to some research groups.
The free radical 1,3-bisdiphenylene-2-phenylallyl (BDPA) has an
ESR linewidth even more narrow than that of trityl, and is more
readily available. It also has the added advantage of being readily
removed from the sample prep after dissolution, as it is insoluble
in water and can be easily filtered.28 To first approximation, the
linewidth of the radical is equivalent to the heat capacity of the
electron dipolar system in TM.33 Therefore, with the condition
that the ESR linewidth exceeds the nuclear Larmor frequency, a
more narrow line should produce greater nuclear polarization.
BDPA displays almost no g-anisotropy, and produces a micro-
wave frequency sweep spectrum even narrower than trityl.22

With this rationale, BDPA should produce superior 13C polar-
ization in comparison to trityl. Instead, BDPA has consistently
produced lesser polarization than trityl in the experimental
regime used for d-DNP.28 In addition, the optimal concen-
tration for polarization enhancement for BDPA at 3.35 T was
demonstrated to be around 40 mM, as compared to the 15 mM
concentration commonly used for trityl. Notably, a water solu-
ble derivative of BDPA produced polarizations equivalent to

that of trityl, but again the concentration of the radical was
40 mM.34

Previously, many groups have also reported that doping
samples with lanthanide metal ions such as Gd3+ and Ho3+ into
either trityl OX063, BDPA or 4-oxo-2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) is associated with increasing solid-state polar-
ization of some 13C-enriched biomolecules.7,20,35 Inclusion of
1 to 2 mM Gd3+ in DNP samples containing 15 mM trityl as a
radical is a well-established protocol for many groups.7,9,19–21,36

Holmium has recently gained attention for producing polariza-
tions in excess of those achieved with Gd3+, presumably because
of modulation of T1e.9,19,20 If the source of divergent results
between BDPA and trityl is related to the T1e, a proper choice of
relaxation agent should be able to produce congruent polariza-
tion between the two agents. The goal of this project was to
determine if an optimal mixture of BDPA and a holmium based
relaxation agent could produce enhancements similar to those
of trityl. In addition, experiments were carried out at 3.35 T and
5 T, a field strength now emerging as the standard of operation.
The optimum concentration of BDPA alone at 5 T is 60 mM in
these conditions. We found that addition of 0.2 mM of Ho3+

produces the highest solid-state nuclear polarization at both
magnetic fields. Experiments using 15 mM BDPA and various
concentrations of Ho3+ failed to produce polarizations similar
to that of higher BDPA concentrations. We conclude from this
that the need for higher concentrations of BDPA to produce
optimal nuclear polarization is unlikely to be related to T1e

effects. Furthermore, the observed frequencies of maximum
DNP enhancement are not readily predicted by simple applica-
tion of TM, CE, or SE theories.

2 Materials and methods
2.1 Materials

All chemical used in this report were purchased and used
without further purification from commercial sources:

BDPA from Sigma-Aldrich, [1-13C] pyruvic acid from Cambridge
Isotope Lab, Sulfolane from Alfa-Aesar. Ho-DOTA was synthesized
as reported previously.37

2.2 Sample preparation

All samples were prepared on the same day as the DNP
experiments, as decreasing polarization was observed in sam-
ples stored in as little as 24 hours. BDPA solutions (15 mM,
20 mM, 30 mM, 40 mM, 50 mM, 60 mM, and 100 mM) were
made by adding the calculated BDPA mass to 1 : 1 v/v [1-13C]
pyruvic acid : sulfolane. Due to the difficulty in weighing out
correct weights of BDPA, we prepared the stock solutions of
120 mM and/or 240 mM of BDPA in sulfolane and added
appropriate amounts of [1-13C] pyruvic acid to achieve the
desired concentrations. To maintain equal numbers of 13C
spins, the Ho-DOTA was added in 1 : 1 v/v [1-13C]pyruvic acid :
sulfolane as well. The sample sizes were 25 ml for both 3.35 T
and 5 T magnet systems. Structures for BDPA and Ho-DOTA
discussed in this study are shown in ESI,† Fig. S1.
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2.3 Solid-state polarization measurement

All DNP experiments were performed at the University of
Florida in 3.35 T (HyperSense) and 5 T (homebuilt) systems.
The HyperSense polarizer (Oxford Instruments, UK) operates at
1.4 K in the cryostat sample space. The microwave power was
set at 100 mW using an ELVA microwave source (ELVA-1
millimeter Wave Division, RU) that has a 400 MHz sweepable
frequency range. For microwave sweep spectra at 3.35 T, 25 mL
aliquots of DNP samples were polarized for 5 min at each
frequency. The data from the HyperSense was analyzed by
MATLAB (MathWorks Inc., Natick MA). In the 5 T DNP home-
built system, the NMR signals were collected using a TecMag
(APOLLO) spectrometer at 1.2 K. The microwave frequency
sweeps were accomplished with irradiation for 3 minutes at
each time point. To monitor the build-up polarizations, a low
flip-angle pulse (B51) was applied every 3 min. All DNP
enhancement curves as a function of time were recorded with
the microwave frequency set to the maximum P(+) enhance-
ment. The frequency difference between P(+) and P(�) peak
positions was used to calculate DDNP. Error in the buildup
curves is B�5% of the total polarization, based on repeated
buildup curves of a single sample. For both systems, hard pulse
trains were applied to destroy polarization before measuring
the next frequency step.

The solid-state NMR signal enhancement ‘‘eS’’ was calculated
using the equation:

eS = Php/Pth (1)

where Php is the polarization from solid-state DNP experiment
and is given as Php = tanh(hnn/2kBTs), the Brillouin function.
Similarly, Pth is the polarization correspond to thermal experi-
ment and expressed as Pth = tanh(hnn/2kBTL). Here ‘‘h’’ is the
Planck’s constant, ‘‘kB‘‘ is Boltzmann constant, ‘‘nn’’ is nuclear
Larmor frequency, ‘‘Ts’’ and ‘‘TL’’ are the given spin and lattice
temperatures, respectively.

The liquid-state NMR signal enhancement ‘‘eL’’ was
calculated as:

eL = (Ihp/Ith)(sin yth/sin yhp) (Cth/Chp)exp(Tr/T1e) (2)

‘‘I’’ denotes the integrated area, ‘‘sin y’’ is the RF flip angle for
NMR, ‘‘C’’ is the concentration of [1-13C] pyruvic acid, and ‘‘Tr’’
is the repetition time used in NMR experiment.6 The solid and
liquid-state NMR signal enhancements were utilized to deter-
mine percentage polarization for 5 T and 3.35 T, respectively.
The liquid state enhancement was used to estimate the total
polarization, as the signal to noise ratio (SNR) of the thermally
polarized solid-state NMR spectrum was low and unsuitable for
normalization.38

3 Results and discussion

The optimal DNP frequency as a function of concentration of
BDPA and Ho-DOTA in 1 : 1 (v/v) of sulfolane/[1-13C]pyruvic acid
for 3.35 T displayed almost no variance (Fig. 1 and Table 1). For
BDPA, DDNP has a strong dependence on the field strength. DDNP

is narrower at 5 T (35 MHz) as compared to 3.35 T (45–50 MHz).
At both fields, the addition of Ho-DOTA also seems to narrow
DDNP (Table 1), though in greater magnitude at 5 T. However,
variable concentrations of BDPA (without Ho-doping) do not
significantly alter DDNP at either field strength. Increasing con-
centrations of Ho-DOTA also produce an apparent narrowing of
both the P(+) and P(�) manifolds above 0.2 mM (Fig. 1).

In contrast to the similarity of the microwave sweep data, the
DNP buildup curves as a function of time showed strong
dependencies on both the BDPA and Ho-DOTA concentrations
(Fig. 2). Since all of these 13C DNP experiments were performed
with similar experimental conditions that include freshly prepared
samples, constant volume (25 mL), similar temperatures (1.2 K
for 5 T and 1.4 K for 3.35 T), the same sample cup, and the
solvent system, their polarizations can be quantified relative to
each other.

At 3.35 T, the optimal concentration for BDPA in 1 : 1 (v/v)
sulfolane/[1-13C]pyruvic acid was found to be 40 mM, as pre-
viously reported.7,22 However, the optimal BPDA concentration
at 5 T is more difficult to establish (Fig. 2a). BDPA concentra-
tions of 40, 50, and 60 mM produced increasingly shorter
buildup rate constants, but should plateau at essentially

Fig. 1 Normalized 13C DNP microwave sweeps of 1 : 1 (v/v) sulfolane/
[1-13C]pyruvic acid in the presence of variable concentrations of BDPA
radical and Ho-DOTA. (a) At 5 T, (50 or 60 or 100 mM) BDPA doped with 0,
0.2, 1, 2 mM of Ho-DOTA. (b) At 3.35 T with 30 or 40 or 60 mM BDPA
doped with 0, 0.2, 0.5, and 1 mM Ho-DOTA. Note the slight shift in the
locations of P(+) and P(�) towards each other with increasing concentra-
tions of Ho-DOTA for both systems.
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equivalent levels of polarization at long times, as evidenced by
the fits to the data (solid lines). The build-up time always
decreases with increasing concentration of BDPA at both field
strengths, though the drop in rate is more precipitous at 5 T
(Fig. 2c). To simplify the research plan, 50 mM BDPA was
chosen for experiments assessing the effects of Ho-DOTA on
the polarization efficiency. Addition of Ho-DOTA to BDPA samples
was expected to mimic results of a similar study with the trityl
radical. As compared to the trityl radical at 5 T, addition of
Ho-DOTA to BDPA samples produced an increase in polariza-
tion (B13%) at only the lowest assayed concentration (0.2 mM)
and a rapid fall in polarization at 1 and 2 mM (Fig. 2d). At
3.35 T, 0.2 mM Ho-DOTA produced an almost 50% increase in

polarization, but addition to 0.5 mM produced only a 10%
increase (Fig. 2e). At 1 mM, the polarization decreased below
that of the 40 mM BDPA only (control) sample. The polarization
build up times did not change as a function of [Ho-DOTA]
(Fig. 2f). Previous measurements of T1e for BDPA compared to
the trityl radical showed a shorter longitudinal relaxation time
for BDPA, which helped rationalize a stronger enhancement of
signal for trityl as a function of Gd3+ concentration.22 In essence,
due to the longer T1e of trityl at 15 mM concentration, addition
of an electron relaxation agent could modulate the T1e more
effectively as compared to BDPA. If the Ho-DOTA enhances DNP
efficiency primarily through a T1e shortening effect, then the
shorter T1e of BDPA as compared to trityl ‘‘leaves less room’’ for
the agent to improve DNP efficiency before the T1e becomes so
short as to prevent significant saturation of the electron dipolar
system.7,22 Similar DNP studies were performed by Kiswandhi9

at 3.35 T (1.4 K) for sodium [1-13C]acetate with 15 mM Trityl,
doped with 2 mM Ho-DOTA, and demonstrated an enhance-
ment of 2.7 times better 13C nuclear polarization. Our group
performed the same experiment in 5 T (1.2 K) system and found
B1.5 times better enhancement on sodium [1-13C]acetate nuclear
polarization.19 Several other groups reported a small beneficial
effect on 13C solid state polarization for Gd3+ doped DNP
samples with trityl in different magnetic fields, with tempera-
ture ranges from 1.4 to 3.7 K.7,17,26,39

Moreover, we have also evaluated the effects of 0.2 mM
Ho-DOTA with variable concentrations of BDPA (ESI,† Fig. S2).
For 5 T (ESI,† Fig. S2a), 60 mM BDPA doped with 0.2 mM of
Ho-DOTA show higher solid-state polarization than for lower
BDPA concentrations. In contrast, for 3.35 T, the optimal BDPA
concentration shifted (ESI,† Fig. S2b) to 30 mM when doped
with 0.2 mM Ho DOTA. The ability of Ho-DOTA addition to
lower the concentration of BDPA, optimizing solid-state polar-
ization, does not translate from 3.35 T to 5 T.

As a final attempt to replicate the experimental conditions
that produce optimal polarization for trityl, samples prepared
with 15 mM BDPA were doped with variable concentrations of
Ho-DOTA (Fig. 3a and b). At 5 T, 0.2 mM Ho-DOTA produced
about 85% increase in polarization with a similar 70% increase
for 3.35 T. However, concentrations of Ho-DOTA above 0.2 mM
display different dependencies on field strength. At 5 T, a rapid
fall in polarization was observed at 0.5 and 1 mM (Fig. 3a) that
lie below the control (i.e. 15 mM BDPA only). But the polariza-
tion for the 0.5 and 1 mM lie above the control at 3.35 T
(Fig. 3b). The build-up times for various concentrations of

Table 1 The DDNP at 5 T and 3.35 T for pyruvic acid samples prepared with BDPA in sulfolane

5 T system at 1.2 K 3.35 T system at 1.4 K

Concentration of
Ho-DOTA (mM)

Concentration of
BDPA (mM)

DDNP in MHz
for 5 T

Concentration of
Ho-DOTA (mM)

Concentration of
BDPA (mM)

DDNP in MHz
for 3.35 T

0 100 42.0 0 30 50.0
0 60 43.8 0 40 48.0
0.2 60 33.6 0.2 40 47.0
0.2 50 37.9 0.5 40 45.0
1 50 36.0 1 40 44.5
2 50 34.8 0 60 48.0

Fig. 2 Time dependent 13C DNP polarization of 25 ml of 1 : 1 (v/v) sulfo-
lane/[1-13C]pyruvic acid (solid state) in the presence of variable concen-
trations of BDPA radical (20, 30, 40, 50, 60 mM) at (a) 5 T and (b) 3.35 T. (c)
DNP buildup times as extracted from fitting with a single exponential for
various concentrations of BDPA. Buildup times decrease with increasing
concentration of BDPA at both field strengths. Similarly, Fig. 2d and e, and f
are 13C DNP polarization buildups for 1 : 1 (v/v) sulfolane/[1-13C]pyruvic
acid with BDPA and various concentrations of Ho-DOTA (0, 0.2, 0.5, 1 mM)
(d) 50 mM BDPA for 5 T system. Note the 50 mM BDPA curve with no
Ho-DOTA does not match the observed polarization in (a) as the samples
were prepared in different batches. With such high concentrations of
radical in limited volumes, excursions in absolute polarizations were nearly
unavoidable. (e) 40 mM BDPA for 3.35 T system (f) Buildup times as a
function of Ho-DOTA concentration with 40 (at 3.35 T) or 50 mM (at 5 T)
BDPA radical. The samples were polarized at the positive polarization peak
with a 100 mW microwave power source.

Paper PCCP

Pu
bl

is
he

d 
on

 0
9 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
11

/4
/2

01
9 

9:
02

:3
0 

PM
. 

View Article Online

https://doi.org/10.1039/c9cp03717a


This journal is© the Owner Societies 2019 Phys. Chem. Chem. Phys., 2019, 21, 18629--18635 | 18633

Ho-DOTA with 15 mM BDPA radical are also field dependent
(Fig. 3c). For 3.35 T, build-up time decreased with increasing
concentration of Ho-DOTA, but initially rose, and then fell at 5 T.

Fig. 2 and 3 demonstrate that 13C DNP using BDPA has
complicated, field dependent effects. The addition of Ho-DOTA
improves the polarization, but it is difficult to rationalize the
observed effects using logic based on our current understanding
of the SE, CE, and TM mechanisms. As is well known, and

recapitulated here, optimal BDPA concentrations for 13C signal
enhancement peak at values 2 or even 3 times greater than those
needed for trityl. A higher concentration for BDPA is necessary to
achieve maximum solid state enhancements at 5 T than at 3 T. In
the absence of Ho-DOTA, DNP by BDPA is likely well described by
the thermal mixing mechanism at 3.35 T and 1.4 K.28,40 According
to the thermal mixing theory at very low temperatures (high
polarization), as given by Wenckebach, the DNP spectrum
can be predicted with the ESR spectrum and an estimate of the
inverse spin temperature of the electron non-Zeeman reservoir.32

However, this theory applies strictly when the ESR line is broa-
dened by g-value anisotropy (for example, TEMPO), as opposed to
our case for BDPA. At W-band, the ESR linewidth for BDPA is
substantially more narrow and shows less anisotropy than trityl.22

The observed DDNP for BDPA at 3.35 T matches the expected
ESR linewidth, suggestive of TM as the dominant mechanism.
However, at 5 T, DDNP drops by B10% and continues to decline as
Ho-DOTA concentration increases. The observation of a drop in
DDNP is usually equated with a transition to the CE mechanism.31,41

Transition from TM to CE should however be accompanied by a
switch of DDNP to close to the Larmor frequency. At 5 T, DDNP is less
than the 13C Larmor frequency (53 MHz). With the observed
narrowing of the DNP sweep spectrum, it seems that contributions
of the SE should be discounted, as DDNP would be expected to
approach B106 MHz (2� Larmor frequency) in this limit.

At the 15 mM target concentration for BDPA, adding Ho-DOTA
systematically lowers the buildup time constant at 3.35 T (Fig. 3c),
consistent with a T1e shortening effect and thermal mixing. But, the
absolute polarization is strikingly low versus higher concentrations
of BDPA, and is 30 to 40 times less versus that of optimal trityl
formulations.35 If T1e shortening alone was sufficient to produce
polarizations equivalent to higher concentrations of BDPA, the
array of concentrations for Ho-DOTA used should have been able
to produce polarizations close to 12% and 50% at 3.35 T and 5 T
respectively. The 15 mM concentration of BDPA is significantly
worse than higher concentrations at 5 T, but still manages to exceed
15% at long build up times. The precipitous drop in polarization
levels at 3.35 T and lower concentrations suggest that a precondi-
tion for thermal mixing (a single, well coupled electron dipolar
system) are somehow not met at lower BDPA concentrations.

Addition of Ho3+ has numerous effects compared to the addition
of Gd3+ on polarization with BDPA. Ho3+ doping does not
significantly shorten the 13C T1e after dissolution, unlike Gd3+.9

For the trityl radical, Gd3+ still produces superior gains compared
to Ho3+ in solid state polarization at 3.35 T.9 However, Gd3+

doping produces only a B16% increase in polarization for BDPA
at 3.35 T, as compared to B52% for Ho3+.7 Like Gd3+, the gains in
polarization for Ho3+ are more subtle at 5 T. We also note a recent
report that showed ligand design can dramatically affect the
polarization realized in the case of magic-angle-spinning DNP.42

4 Conclusions

Many factors suggest that BDPA should provide superior polar-
ization to the trityl radical. Here, both BDPA concentrations

Fig. 3 13C DNP polarization of 25 ml of 1 : 1 (v/v) sulfolane/[1-13C]pyruvic
acid in the presence of 15 mM BDPA radical doped with various concen-
trations of Ho-DOTA (0, 0.2, 0.5, 1 mM) (a) at 5 T (b) at 3.35 T (c) buildup
times for various concentrations of Ho-DOTA with 15 mM BDPA radical.
The samples were polarized at the positive polarization peak with a
100 mW microwave source. At 3.35 T, the buildup time decreases with
increase in concentration of Ho-DOTA. At 5 T, after an initial increase in
buildup time, there is a sharp decrease at 1.0 mM Ho-DOTA.
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and the effects of lanthanide doping were assayed simulta-
neously to ascertain a sample formulation that would deliver
superior polarization to trityl without success. BDPA represents
a significant experimental challenge, as the high concentra-
tions of radical needed present difficulties in preparing the
samples consistently, even using a larger volume stock solution
that enabled larger weights of radical to be used. These solu-
tions must be prepared daily, as degradation of polarization
after overnight storage was a guaranteed effect. Instead of
identifying a superior sample formulation, a series of physical
observations that seem to contradict current dogma surrounding
DNP mechanisms is reported. We suggest that current theory
must be augmented to correctly explain these observations.
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