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Dynamic nuclear polarization (DNP) experiments were performed on a set of transition metal (V**)-nuclear spin
(*H) rulers with isolated V**-H distances tuned between 4 - 12.6 A using the endogenous V** ions as polarizing
agents to experimentally determine the size of the spin diffusion barrier and its impact on DNP pathways. We
report DNP enhancements of up to echirp-one ~ 33 by utilizing a chirp microwave pulse train to enhance the
saturation of the broad EPR spectrum of V* ions. The rate of 'H polarization buildup was used to carefully
decouple the roles of direct V**-1H polarization transfer and *H-H spin diffusion processes. Experiments reveal
the spin diffusion barrier for the proton spins to be at a distance between 4.0 and 6.4 A from the V** center
under DNP conditions, while H spins as far away as 12.6 A were directly polarized by DNP and detected by NMR.
We observed a gradual change in the DNP buildup rate with distance between the paramagnetic center and the
nearest 'H spins ranging between 4.0 and 12.6 A, demonstrating the rate-limiting effect of the spin diffusion
barrier on H nuclear spin diffusion up to at least 12.6 from the V* metal center. This study paves the way
towards hyperfine DNP spectroscopy that achieves detection and diagnosis of select nuclear spins at a set
distance from the transition metal ion. This study also represents the first use of V** transition metal as a
polarizing agent, significantly expanding the scope of DNP. Arbitrary waveform generation and wide frequency
tunability of a solid-state microwave source extends the capacity of DNP to wide line EPR transition metal

centers endogenous to catalysts, energy materials and metalloenzymes.

Introduction

Dynamic nuclear polarization (DNP) is the most
broadly applicable hyperpolarization method to
enhance the nuclear magnetic resonance (NMR)
signal, relying on polarization transfer from highly
polarized electron spins (e) to the surrounding nuclear
spins (n). In typical DNP experiments for biological or
material studies, a source of unpaired electron spins
known as a polarizing agent (PA) is added to the NMR
sample, together with a cryo-protectant to generate a
glassing matrix. Microwave (uw) irradiation near the
electron paramagnetic resonance (EPR) frequency of
the polarizing agent can drive polarization transfer
from the electron spins to the surrounding nuclear
spins. DNP has already transformed the scope of NMR
spectroscopy and imaging at the current state of the
art.?

Nitrogen-centered nitroxide or carbon-centered
trityl radicals are used nearly exclusively as PAs, owing

to their favorable properties including stability,
solubility, molecular geometry, relatively long electron
spin relaxation time and near 2.0 electron spin g
factor, matching that of a free electron.? The use of
paramagnetic transition metal centers endogenous to
the molecule or material of interest would
dramatically broaden the scope of DNP to boost NMR
sensitivity and yield critical structural information via
selective enhancements of proximal nuclear spins. To
date, only high spin paramagnetic metals such as Gd**,
Mn?*, and Cr3* with narrow central EPR transition band
have been used as PAs for high-field (>5 T) DNP3**® and
few select studies relied on endogenous paramagnetic
metal centers of materials or metalloenzymes.”
Transition metals ions, such as Ni*, Cu®*, Ni** and V**
that are widely present and central to the function of
battery materials, catalytic compounds and biological
enzyme complexes are considered inaccessible for
DNP due to their wide EPR lines and g-values

significantly shifted from 2.



However, to utilize endogenous paramagnetic
centers for DNP, it is critical to understand their
detailed impact on the NMR signal of proximal nuclear
spins. The paramagnetic effects such as paramagnetic
enhancement (PRE)*!!, contact
shifts (CS and PCS)}%4
significant influence on the NMR spectra. The PRE

relaxation and

pseudo-contact have
effects have been used to extract critical structural
information in biomolecules.’® However, under DNP
conditions these effects cause nuclear spins located
too close to the paramagnetic centers to relax faster,
such that their NMR spectra are broadened out. This
leads to “paramagnetic quenching” that creates a
forbidden zone, difficult to detect with NMR, near the
paramagnetic centers. NMR signal quenching due to
the paramagnetic centers has been observed under
DNP conditions on various commonly used radicals at
5T field and 84K temperature as shown by Corzilius et
al.’®  McDermott studied the
paramagnetic effects of specifically bound biradicals

and coworkers
on protein samples using high affinity biradical tags'”
18 These effects have been recently used to obtain
high-resolution DNP enhanced spectra using selective
DNP.2 The PCS and CS effects cause a drastic change
in the NMR chemical shift for the adjacent nuclear
spins as a function of their distance to the
paramagnetic metal center. This shift in frequency
hinders the nuclear spin diffusion process from these
nuclear spins to spins located outwards, thus forming
a “spin diffusion barrier” somewhere around the
paramagnetic center.?® The exact size of the spin
diffusion barrier is a critical parameter in determining
the polarization pathway and the DNP buildup rate
because it determines the location of the closest
nuclear spins that serves as a conduit for nuclear spin
diffusion to remote nuclei. This parameter has been
used in a number of studies that rely on numerical
simulations and rate equations to understand the
process of bulk nuclear polarization buildup in DNP
and predict the buildup rate.?¥?* In a recent study, Tan
et al®® determined such a spin diffusion barrier for *H
near Trityl radicals in aqueous solvent to lie below 6A.
However, the rate of nuclear spin diffusion is affected
by the proximity of the paramagnetic center to nuclear

spins located beyond the spin-diffusion barrier,

creating a gradient of nuclear spin diffusion rates.
These rates play critical roles in determining the
buildup rate and hence sensitivity enhancement in
DNP.

In this study, we first demonstrated V** ions as PAs
to enhance *H NMR signal at 6.9 T, where the EPR lines
of the metal center spanned more than 3 GHz. A
home-built DNP NMR 2627
frequency tuning across a broad range spanning ~10

instrumen capable of
GHz, arbitrary waveform generated (AWG) pulse
shaping of the uw for broad-band saturation of the vV
EPR line, and liquid helium operation to slow the
electron spin relaxation of the V** ions made this study
possible. Broadband saturation of the EPR line with
chirped microwave irradiation significantly enhanced
the DNP performance at 4 K. Note that the g-
anisotropy of transition metal centers can be
extremely large, larger than that of V*, spanning more
than tens of GHz. As such, this study is a first and
critical step towards establishing access to wide-line
transition metal centers by DNP. We designed a series
of vanadyl complexes with deliberately installed *H-
containing propyl groups at varying distances from the
V* center on an otherwise nuclear spin-free ligand
backbone.! These transition metal-nuclear spin rulers
offered us the opportunity to systematically explore
H spin diffusion mechanisms as a function of distance
relative to the spin-diffusion barrier. The size of the
spin-diffusion barrier was determined to be between
40 A and 6.4 A, consistent with previously
hypothesized values.” * The effect of the V*-H
coupling strength and nuclear spin-diffusion rate on
the DNP process were elucidated with electron spin
relaxation and DNP buildup rate measurements.
Direct DNP of 'H spins at 12.6 A away from the V**
center was achieved with a characteristic buildup time
determined by the V*-'H distance and the nuclear
spin diffusion process. The results of our DNP work,
based on the hyperfine interaction between the metal
center and the proximal nuclear spins, provide the
initial step towards critical structural and dynamical
information around paramagnetic active sites and
function centers. We coin this novel category of
experiments hyperfine DNP spectroscopy. In contrast
to hyperfine EPR, hyperfine DNP directly detects the



NMR signal and so resolves NMR chemical shifts and
line-shapes. Additionally, unlike paramagnetic NMR,
this technique benefits from signal enhancements
originating from the transition metal center.

Materials and methods

The solution of the four vanadyl complexes (see Figure
1a) in 99.5% deuterated dimethylformamide (DMF)
solvent were prepared as described in a previous
The V* ion
concentrations for the complexes in saturated
solutions are 10.5 mM for 1, 77.2 mM for 2, 14 mM for
3 and 13.2 mM for 4 (see section 6 of the ESI). The
saturated solutions were flame sealed in EPR quartz

publication by Graham et al!

tubes of length ~2 cm, with inner and outer diameters
of 2.2 mm and 3.0 mm, respectively, to avoid any air
exposure. In case of complex 2, a sample with 13 mM
V* concentration was also prepared to confirm the
observed trends in buildup rate at comparable
concentration.

The DNP NMR experiments were performed with a
broad-band quasi-optics (QO) based dual DNP-EPR
instrument, operating at 6.9 T magnet and at 4-10 K.
Details of the home-built DNP instrumentation have
been described previously.?®2® All static *H NMR
experiments were recorded using the solid echo (90x-
t-90y) pulse sequence shown in Figure 2a. To perform
DNP experiments, the samples were freeze-quenched
in liquid nitrogen for glass formation, and then cooled
to 4 K for the experiments.

Results and discussion

The V*-H rulers, i.e. the vanadyl complexes with
controlled average V*-!H distances (Rv.n), are shown
in Figure 1a, with Rv.u=4.0A, 6.6 A, 9.3 Aand 12.6 A
1-4,
Tetraphenylphosphonium cation was used as counter

for complexes respectively.
ion to balance the charge, and the solvent was
deuterated dimethylformamide (DMF). *H NMR
spectra were acquired of complex 4 with protonated
(4) and deuterated (4') tetraphenylphosphonium
cation.

The field-swept echo detected EPR spectra of the
vanadyl complexes were recorded at a pw frequency
(ouw) of 240 GHz by sweeping the field from 8.4 T to

9T at 5K (see Figure S1 in the ESI). The principle
components of g and hyperfine coupling (A) of the >V
paramagnetic center were extracted by fitting the
spectra using EasySpin.?° Figure 1b depicts the EPR
line-shapes simulated at 6.9 T based on these
experimental parameters. The g and A tensor values
found for all vanadyl complexes are well resolved at
the employed high field and frequency, and in
agreement with the previously reported values for the
same complexes determined by X-band CW EPR
analysis (Table S1, S2 in ESI).! The EPR lines of the
vanadyl complexes span more than 3 GHz, which are
significantly broader compared to the nitroxide-based
radicals that span 0.6-1 GHz at 6.9 T and 4 K.
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Figure 1 (a) Structures of the four V4*-1H rulers presented in
Graham et al® that were used in this study. (b) The EPR line-
shapes of the complexes 1-4, simulated for 6.9 T field using
the experimental data from 240 GHz CW EPR spectra at 5K in
magenta, orange, green and cyan respectively.

To systematically study the effect of Ry.n on the
DNP performance and the spectral feature of *H NMR,
DNP experiments were performed on the four vanadyl
complexes with the endogenous V* centers as the
polarizing source. The DNP frequency profiles of these
broad line V* centers were recorded by varying the
uw irradiation frequency over a 3 GHz span, relying on



the broad-band QO-DNP instrument and using the
NMR pulse sequence shown in Figure 2a. The NMR
signal enhancement factors were determined by
calculating the ratio & = (Son-Sorr)/Sorr, Where Son and
Sorrare NMR signal intensities under uw on and pw off
conditions at equal buildup times.
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Figure 2 (a) Solid-echo pulse sequence used to collect 1H NMR
signals, with the microwaves on for DNP and off for normal NMR
experiments. (b) DNP frequency profiles for 1-4 in magenta,
orange, green and cyan respectively. The experiments were
performed at 4 Kon a 6.9 T magnet with using chirped pw pulses
with the parameter Awc = 200 MHz, tch = 300 WS, thuildup = 60 'S,
P.w =120 mW, and the interpulse delay T = 50 ps.

Figure 2b shows the DNP frequency profiles
recorded with chirped pw pulse trains with a buildup
time tone = 60 s and pw power Py = 120 mW. The
chirped pw pulse train yielded maximum &chirp-one With
a chirp pulse length of (t:) = 300 us and sweep width
(A®cn) = 300 MHz that was repeated continuously
throughout tone. The experimental DNP frequency
profiles were found to be broad and asymmetric, the
maximum positive and negative enhancement
GHz the

enhancements at around 192.5 GHz found to be

positions ~1 apart and negative
greater than the positive enhancements at around
191.5 GHz for all cases. The same general features of
the DNP profiles were observed with monochromatic
CW DNP, except with lower enhancement values (ecw-

one), @s shown in Figure S2 of the ESI. The features of

the DNP profiles are directly reflected in the EPR
patterns that display a sharp increase in intensity at
the high frequency end and a longer tail towards low
frequencies for all complexes due to broad dispersion
of the EPR line caused by inhomogeneous broadening
(see Figure 1b). The features of the DNP frequency
profiles indicate that the underlying mechanism is
differential solid-effect (SE),*® in which the positive
and negative enhancements overlap due to an
inhomogeneously broadened EPR line. Hence, the
overall shape of the DNP profile deviate from that of
SE obtained with a narrow EPR line, while the
separation between the maximum enhancement
positions is significantly larger than two times the
nuclear Larmor frequency, given the wide distribution
of electron spin frequency packets across the
inhomogeneously broadened EPR line.

It is important to note that the enhanced *H NMR
signal observed can come from three different
sources: the vanadyl complexes, the counter ions and
the 0.5% protons in the DMF solvent. In order to trace
the polarization pathways in DNP, we conducted a
careful analysis of the 'H NMR spectra and DNP
buildup time. A comparison of the *H NMR spectra
recorded with chirped pw pulses (solid-line), CW pw
irradiation (dashed-line) and the pw off signals
(dotted-line) is shown in Figure 3 in magenta, orange,
green and cyan colors, respectively, for 1-4. The
experimental conditions and parameters are the same
as those for the DNP frequency profiles shown in
Figure 2b, with o,.w set to the frequency of the positive
maximum enhancement in all cases. The values for
gcw-one Were found to be ~ 0.5, 1.7, 1.7 and 1.8, and for
Echirpone ~ 1,19,12 and 9 for 1-4 respectively at the
frequency generating positive maximum DNP
enhancement. The corresponding spectra for the
negative maximum enhancement recorded by chirp-
DNP are shown in the ESI Figure S3. In all cases except
for 1, the DNP performance increases significantly
from CW monochromatic to broad-band chirp train
uw irradiation. The superiority of the chirped uw pulse

trains over CW irradiation has been reported recently

1.3 A gain factor (&chirp-onp/Ecw-pnp)

between 4 to 5 was reported with various nitroxide

by Kaminker et a

based radicals at temperatures 4 K and 25 K owing to



more efficient EPR saturation achieved by frequency
sweeping with a chirp pulse train. Broad-band pulse
trains are expected to dramatically benefit DNP of
transition metals, which is evident in this study as the
EPR spectra of V* span several GHz. The gain factor
was &chirp-one/Ecw-one > 4 in all cases for 1-4, and
reaching up to ~10 for 2 (&chirp-one = -33 and ecw-one = -
3.5 in the region of negative enhancement). The
higher enhancement observed in sample 2 is
attributed to the high solubility of the complex in the
DMF solvent (77.2 mM),3? resulting in a relatively large
number of V¥ metal center in the sample. The
difference in signal to noise ratios (SNRs) of the pw off
'H NMR signals among the complexes is a result of the

varying solubility of the compounds.
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Figure 3 IH NMR spectra of the four complexes acquired under
pw off (dotted-lines), and with CW (dashed-lines) and chirp DNP
(solid-lines) are shown in magenta, orange, green and cyan
colors for 1-4, respectively. o, was set to positive maximum
signal enhancement for each case while the rest parameters
were same as Figure 2.

The spectral line-shapes of 4 clearly indicate the
presence of two signals with different line widths,
while there is only one narrow component present in
the spectra of 1-3. In order to distinguish between the
two signals in 4, the inter-pulse delay (t) was varied
between 30-200 ps (see ESI Figure S4), such that the
broad signal was suppressed and only the narrow

signal survived.
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Figure 4(a) Chirp DNP enhanced *H NMR spectra from complex 4
with inter-pulse delays of 50 ps (cyan, solid-line) and 200 ps
(magenta, dashed-line), recorded on a 6.9 T magnet at 4 K
temperature. The spectrum with t =200 ps was scaled up to match
the peak heights of the two spectra to highlight the suppression of
the broad component. (b) The bulk polarization buildup using chirp
DNP experiments (plot markers) and fitted curves (lines) for the 2
at 77 mM (orange-circles, 2) and 13mM (orange-square, 2’), 3 at 14
mM (green), and 4 at 13.2 mM from the solvent protons (cyan-
circles) and complex protons (cyan-square). The fitted parameters
are given in Table 1

Figure 4a shows the H spectra of 4 recorded with
T = 50 ps (cyan, solid-line) and Tt = 200 ps (magenta,
dashed-line). The fast-relaxing broad component of
the signal is assigned to the protons covalently
attached to the complex, referred to as “complex
protons”, and the narrow signal with relatively long
transverse relaxation time (T2n) to the “solvent
protons” that include the protons on the counter ions
and the DMF solvent. As a control, we measured the
solution-state *H NMR spectrum of 3 and 4, wherein
we observed a broadening of the complex *H (see ESI
Figure S5). The signal for complex protons at 2.22 ppm
are significantly broader compared to the counterion
protons at 7.77 ppm and the DMF protons at 7.91,
2.80, and 2.64 ppm. This indicates that the complex H
are more affected by the paramagnetic effects than
the solvent *H. Fits to the *H NMR spectrum of 4 at 4 K



acquired with short 1 revealed a narrow peak at -4.3
ppm and an upfield shifted broad peak at -15.3 ppm
(ESI Figure S6). The change in the peak positions are
ascribed to paramagnetic effects and temperature,
which has been previously observedin S =% vanadium
complexes.?® The assighment of the broad peak to the
complex H and the narrow one to the solvent *H was
further validated by comparing the low temperature
NMR spectra of 4 sample with deuterated and
protonated counter ions (ESI Figure S7). Though this
data was acquired under different experimental
conditions than the DNP data in Figure 4a, since the
cryostat and probe was rebuilt, the key observation
the
component when deuterated counter ions were

was suppression of the narrow spectral
present. We attribute the observation of only the
narrow component in samples 1-3 to the short T;,
values of the complex protons caused by the stronger
paramagnetic relaxation enhancement (PRE) effect of
the proximal V* center in these complexes with
shorter Ry.y compared to 4. Experiments with a very
short 1 could be designed to detect those signals, but
this would lead to artifacts caused by competing
instrumentation dead time.

Next, we recorded the DNP buildup curves of the
'H NMR signal of complexes 2—4 as shown in Figure 4b
for 2 in orange, 3 in green, and 4 in cyan. The buildup
curves of the two components of 4 are plotted
separately: cyan circles and solid-line correspond to
the solvent protons, and cyan squares and dashed-line
represent the complex protons. The complex proton
buildup curve was obtained by taking the difference of
spectra recorded using T = 50 ps and T = 200 ps for
each data point. For 2, the buildup curves at complex
concentration of 77.2 mM (at saturation) and 13 mM
(comparable with the other three complexes) are
shown in orange circles and orange squares,
respectively. Note that 1 shows no DNP enhancement
(Figure 3); hence the buildup curve could not be
obtained due to the small SNR of the NMR signal.

All polarization buildup curves were fitted to a
t n
stretched exponential I = I, [1 - e_(TDNP) ] , Where

Iy, Tonp and n were the fitting parameters. The value
of the parameter n (< 1) provides us with information

about the nature of the buildup curve, i.e., whether it
is a mono-exponential (n ~ 1) process dominated by
nuclear spin diffusion or a multi-exponential (n < 1)
process in which the buildup rates are different based
on the V¥*-'H hyperfine coupling strengths.3* Tpne is the
time constant for the polarization buildup and Iy is the
NMR signal intensity at DNP saturation. The fitted
values for Tpne, n and /o are given in Table 1 for the
buildup curves.

Table 1 Fitted parameters for the proton build up curves in 2-4 for chirped
DNP experiments.

Complex# Tone/s n lo
2 120.449.0 | 0.93+£0.02 | 1.253+0.048
2’ 142.4+28 | 0.80+0.09 | 1.053%£0.072
3 87.4+3.9 | 0.78+0.01 | 1.176%£0.018
4(solvent) 47.7+6.5 | 0.79+0.06 | 1.021+0.049
4(complex) 18.2+1.5 | 0.60+0.03 | 1.003+0.020

The complex protons from 4 show the shortest
buildup time (Tone = 18.2 s) as these are strongly
coupled to the V* centers; hence a direct V¥*-!H
transfer governs this buildup time. This is also
manifested in the stretching parameter n = 0.6, which
is smallest among the fitted n values and closest to 0.5,
indicating a multi-exponential buildup owing to
contributions from multiple direct V#*-*H couplings. In
the polarization buildup process of the solvent protons
of complex 4, both direct V#*-'H transfer and nuclear
spin diffusion processes are involved; hence n
increases to 0.79, indicating a more homogenous
buildup process strongly influenced by nuclear spin
diffusion. The polarization buildup times of the solvent
protons increase systematically from 4 to 3 to 2, and
eventually result in almost no DNP enhancementin 1,
move closer to the

Note that the V**

concentration is highest in 2 due to its higher

as the complex protons
paramagnetic metal center.
solubility. As a control, we compared the DNP buildup
curves of complex 2 at 77 mM and 2’ at 13 mM
concentration, shown in Figure 4b by the orange
spheres and squares, respectively. Reassuringly, the
results demonstrate that the observed spin dynamics
and the buildup rates are not dictated by the
concentration of the vanadyl complexes in this range.
This also indicates that the DNP mechanism is still



differential SE, and that the spectral diffusion is
negligible even at 77 mM concentration, which we
ascribe to the large g-anisotropy that makes spectral
the high Vv*
concentration. The general trend in Tone and n from

diffusion inefficient despite
complex 2 to 4 was recapitulated by CW DNP as well
(see Figure S8a and Table S3 in ESI). The Ti, relaxation
times acquired without any pw irradiation also
decrease from 2 to 4 (see Figure S8b in ESI for the
buildup and fitting curves).

The observation that the Tone values for the solvent
protons are shortened from complex 2 (120.4 s) to 4
(47.7 s), even though the Rv.i is increasing, shows that
the process of nuclear polarization buildup by DNP
here is not dictated by the direct V**-'H transfer
process. Rather, this trend in the DNP buildup can be
ascribed to the modulation in efficiency of the nuclear
spin diffusion process by changes in the closest V#*-1H
distance. The complex protons located closest to the
V* center do not participate in nuclear spin diffusion
to their surrounding protons, as they are located
inside the spin diffusion barrier. This is clearly the case
with complex 1. As the Rv.4 increases, the tendency of
the complex protons to transfer the polarization to the
solvent protons via spin diffusion slowly increases.
Thus, the Tonp is prohibitively longin 1, long in 2, short
in 3, and even shorter in 4, implying that the spin
diffusion rate increases and the polarization buildup
time shortens from complexes 2,3 to 4. To rule out the
effect of freezing procedure on Tonp, a standardized
freeze-quenching procedure was followed for all the
measurements, and the reproducibility of these
results were tested using the DNP frequency profiles,
as discussed in ESI section 6. Furthermore, this
behavior could be modeled numerically using the
SpinEvolution software®® that is based on quantum
mechanical calculations. Our model, based on a three-
spin system (one electron and two protons) shows
that increasing the hyperfine interaction strength
between the paramagnetic center and closest nuclear
spins slows down the buildup rate of the remote
nuclear spins (ESI Figure S9). The same trend observed
in the Tin values (see Table S3 of ESI) reinforces the
conclusion that the rate of spin diffusion between the
complex and solvent protons increases from complex

1 to 4. Note that the complex protons from
compounds 2 and 3 are invisible to NMR due their
short T2, values; however, they still participate in the
spin diffusion process as indicated by the trend of Ti,
and Tpnp values.

In complex 1, the EPR signal intensity is weak
compared to the other three complexes (see Figure
S1). We propose that the loss in signal intensity arises
from its aggregation in the DMF solvent. Within these
aggregates, a significant amount of V** ions are EPR-
silent due to their extremely short Tr. While this may
affect the DNP process, we also observed that pw off
'H NMR signal in complex 1 is smaller compare to the
other complexes (see Figure 3). We hypothesize that
the protons of the counterions charge balancing the
aggregated complex 1 are also becoming NMR-silent,
once in close proximity to the paramagnetic sites in
the clustered moieties. In other words, the clustering
causes reduction in the effective V**ion concentration
and reduces the effective 'H concentration in the
sample, as the H’s in the clustered moieties do not
participate in the spin-diffusion and NMR signal.
Therefore, aggregated complex 1 does not show up in
NMR,
reducing the concentration of the complex. Since

EPR and DNP measurements, effectively
these effects only serve to reduce the concentration
of the non-aggregated species, the ratio of proton
spins to the paramagnetic centers has not significantly
Thus DNP
enhancement in complex 1 is consistent with the lack

changed. our observation of no
of spin-diffusion from complex proton to the solvent
protons. These observations, taken together, allow us
to conclude that the spin-diffusion barrier lies
between 4.0 A and 6.6 A from the paramagnetic
center. Additionally, through the differing rates of spin
polarization from 2-4, we observe the “rate-limiting”
influence of the spin diffusion barrier extending up to
a distance of 12.6 A from the V** center.

The size of this spin diffusion barrier can be further
verified using the phase memory relaxation time (Tm)
of the V* ion of all four complexes at comparable
concentrations. The Tn, values acquired at 8.63 T and
at 5 Kare shown in Figure 5, and plotted together with
the Tr values published previously! at 0.35 T and at 40
K. In both the cases, the Tn, is longest for complex 1 as



the nearest nuclear spins are well inside the spin
diffusion barrier, and hence do not participate in
facilitating the electron spin decoherence.!

@ 12
n p 8.63T, 5K
104 + m 0.35T, 40K
ERS
l\E 6_.
i L
4
2 1 1 1 || 1
2 4 6 8 10 12 14
Ry (A)
(b)
o1
> .2
= 2
C 4
9
IS
(@]
=
(&]
UJ ~
0 10 20 30 40 50
time (us)

Figure 5 (a) Phase memory relaxation time constants (Tn) for 1-4
in magenta, orange, green and cyan colors respectively, measured
at 8.63 T field and 5 K temperature (triangles), 0.35 T and 40 K
(squares) in saturated solutions. (b) The experimental data (plot
markers) and the fitted exponential decay curves (cyan lines) to
determine T, for complexes 1-4 at 8.63 T field and 5 K
temperature.

At 0.35 T the T, values decreased significantly from
1 to 2 from 9.97 us to 7.52 ps and then plateaued to
6.67us for 4. At 8.63 T, we observed an even sharper
decay in Ty, from 10.59 us for complex 1 to 4.53 ps for
complex 2, but after that the T, increased again for
complex 3 with 4.8 ps and complex 4 with 6.43 ps. To
confirm that the short T, is not a result of high
concentration of 2, its T, was re-measured of sample
2 at a concentration of 13 mM at 6.9 T and 4 K, and
found to be 3.0 £ 0.15 us, as shown in ESI Figure S11.
The similarly short T, at both concentrations verifies
that the observed decay in T, from 1 to 2 is due to the
intrinsic T of 2, not V** concentration. The trend in Tn,
suggests that the nuclear spins located at distances in
the range of 6 A to 10 A from the V** center are the
greatest contributors to the decoherence of the V*

electron spins. Nuclear spins locate further are too
weakly coupled to V#*, and nuclear spins located closer
than this fall inside the spin-diffusion barrier, and do
not participate in decoherence. Thus, the size of the
spin diffusion barrier and the spin diffusion rates
the DNP buildup
enhancements are in agreement with these results.

indicated by curves and

Conclusions

This study demonstrates that significant NMR
signal enhancements at high magnetic fields (6.9 T)
can be induced by DNP using wide line transition
metals ions (V**) with g-values differing significantly
from 2 as the polarizing centers for DNP. We
confirmed the spin diffusion barrier for the H nuclear
spins to lie at a distance of 4.0 A to 6.6 A from the V*
center, but that the effect of the spin diffusion barrier
is felt by the nearest 1H spin located up to 12.6 A
distance away from V* center. We identified the
preferred polarization pathway in DNP under our
experimental conditions to be via nuclear spin
diffusion from the complex protons, located at
distances 6.4 A to 12.6 A from the paramagnetic metal
center to the surrounding solvent protons. The
experimental results show that the DNP buildup rates
is determined by the rate of nuclear spin-diffusion
from the nuclear spin nearest to the paramagnetic
center to the bulk nuclear spins. Additionally, we
demonstrate that direct DNP as far as 12.6 A from a
paramagnetic transition metal is viable. This supports
the existing hypothesis that a depleted nuclear spin
density inside the spin diffusion barrier of a
paramagnetic center can facilitate efficient DNP
buildup pathway, extending the range of direct
transfer.

Notably, the foregoing experiments are the first
demonstration of DNP using V* metal sites as
polarizing agents. Expanding our catalog of polarizing
agents offers the potential to enable endogenous
polarization within molecules and materials of
interest. Specifically, vanadium as the catalytically
active species in both heterogeneous catalysis

systems, such as vanadium oxides, and in

metalloenzymes, including vanadium
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demonstrates a pathway to harness paramagnetic

haloperoxidase. proof-of-concept study

vanadium centers within catalytic systems to
selectively enhance and illuminate the NMR signal
sensitivity within the first and second coordination
spheres of chemically-active vanadium sites. By using
endogenous polarization, DNP-enhanced hyperfine
NMR spectroscopy has the potential to couple high

sensitivity with local structural information.
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