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In magic angle spinning dynamic nuclear polarization, biradicals such as bis-nitroxides are used to hyperpolarize protons

under microwave irradiation through the cross-effect mechanism. This mechanism relies on electron-electron spin

interactions (dipolar coupling and exchange interaction) and electron to nuclear spin interactions (hyperfine coupling) to

hyperpolarize the protons surrounding the biradical. This hyperpolarization is then transferred to the bulk sample via nuclear

spin diffusion. However, the involvement of the protons in the biradical in the cross-effect DNP process has been under

debate. In this work, we address this question by exploring the hyperpolarization pathways in and around bis-nitroxides. We

demonstrate that for biradicals with strong electron-electron interactions, as in the case of the AsymPols, the protons on

the biradical may not be necessary to quickly generate hyperpolarization. Instead, such biradicals can efficiently, and

directly, polarize the surrounding protons of the solvent. The findings should impact the design of the next generation of

biradicals.

Introduction

Solid-state Nuclear Magnetic Resonance (NMR) is one of the
most potent way to access atomic-scale information on solids.!
However, the inherent low sensitivity of solid-state NMR limits
its application to investigate low concentrations of NMR active
species. This limited sensitivity primarily arises from the low po-
larization level of the nuclear spins at thermal equilibrium. On
the other hand, electron spins have larger spin polarization, due
to their higher gyromagnetic ratio (ye/yin ~ 658). Using the cou-
pling between electron and nearby nuclear spins and using mi-
crowave (uw) irradiation at an appropriate frequency, one can
increase the nuclear spin polarization through a process called
Dynamic Nuclear Polarization (DNP).2

In the past decades, DNP has been combined with Magic Angle
Spinning (MAS) at high magnetic fields using high-power pw
sources, which has enabled the acquisition of MAS NMR spectra
with high resolution and sensitivity.3-10 DNP has revolutionized
the field of solid-state NMR and enabled numerous applications
both for biological and material samples,11-23 in particular at
natural isotopic abundance.24-27

As of today, MAS-DNP is best carried out using biradicals as po-
larizing agents,2829 that generate high nuclear spin hyperpolari-
zation via a mechanism called cross-effect (CE).30-33 Biradicals
are paramagnetic molecules, with two unpaired electrons spins,
that are dissolved in glass-forming matrices such as glycerol/wa-
ter mixtures and typically used to polarize the protons present
in these matrices. The hyperpolarization can be subsequently
transferred to the nuclear spins of interest via cross polariza-
tion.34

The cross-effect DNP mechanism relies on optimal relative g-
tensor orientations in the biradical,3235-38 strong interelectron
spin couplings,39-44 and sufficiently long electron spin relaxation
times. Nuclear hyperpolarization has been improved by prepar-
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ing bulky molecules,*-4° and by designing pathways for polari-
zation transfer.>0 Importantly, the cross-effect DNP mechanism
relies on the existence of a coupling between the radical centres
through space (dipolar coupling, D, ;) and through overlap of
orbitals (exchange interaction, J, ;) — cumulatively these inter-
actions are referred to as e-e couplings, hereafter. In addition,
the Electron Paramagnetic Resonance (EPR) spectral width (Aw)
of the biradicals must be greater than the Larmor frequency of
the protons.

The detailed analysis of this mechanism DNP under MAS has
been the subject of several previously reports.30-33365152
Briefly, the pw irradiation generates a polarization difference
between the two electron spins in the biradical that is trans-
ferred to nearby protons. These events occur periodically due
to the spinning of the sample and the large breadth of the EPR
spectrum, and have been dubbed ‘rotor events’.32 The transfer
of the electron spins polarization difference to the proton spins
occurs during the cross-effect rotor events. The rate of electron
to nucleus polarization transfer involves the e-e couplings, the
pseudo-secular hyperfine couplings between electron and pro-
ton spins (Ain and Ain), and the inverse of the Larmor fre-
guency of the nucleus (w,,).31,32°3

Using the Landau-Zener approximation under MAS, the initial
rate of the polarization transfer between the biradical and the
nuclear spin can be expressed as follows (see Supporting Infor-
mation for details):

2
1 (Da,b + zja,b)(Ag,n B A%,n)
Aw, + Awy, Wy .

1

As such, the cross-effect can polarize protons that are close to
the electron spins, and the resulting nuclear hyperpolarization
is then transferred to protons further way via nuclear spin dif-
fusion.>* Thus, protons that are close are essential for receiving
the hyperpolarization and transmitting the hyperpolarization
away from the biradical.

Under standard DNP experimental conditions, proton homonu-
clear spin diffusion is rapid.>>36 Indeed, protons far away from
the biradical (hereafter referred to as bulk protons) have very
similar Larmor frequencies and strong dipolar couplings result-
ing in an efficient homonuclear spin diffusion. However, the
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spin diffusion between the protons in the vicinity of the biradi-
cal and the ones further away is hindered by the presence of the
hyperfine couplings that change their effective Larmor fre-
quency, resulting in a slow transmission of polarization to the
bulk protons. The region where these nearby protons with size-
able hyperfine couplings belong to is often referred as the spin
diffusion barrier, and its role in the DNP process has been the
subject of a long-standing debate.>0,57-60

In recent years, the role of these nearby protons has been under
scrutiny. The advent of numerical models that are able to ac-
count for a large number of nuclear spins has highlighted the
importance of protons near the biradical.>361-63 |t has been
shown that these nearby protons can periodically exchange
their polarization when their Larmor frequency is equal via nu-
clear dipolar rotor events3253.63,64 and thus are essential to the
DNP process under MAS.

Lately, the protons on the biradicals have been the centre of an
extensive study, for example in the case of the bTbK biradical
family3> that possess modest D, ,,~ 30 MHz.61.65 In this compre-
hensive work, the authors selectively deuterated TEKPol®® and
showed that removing the protons on the molecule lead to
slower hyperpolarization process. These observations highlight
the importance of strong electron-nuclear hyperfine couplings
in the cross-effect rate, in agreement with equation (1).

On the other hand, equation (1) also shows that the initial po-
larization transfer rate can be modulated by changing the e-e
couplings. This rationale was the basis of the design of the
AsymPol family of biradicals (Figure 2).4041 The AsymPols were
designed using a conjugated amide linker that enables a close
proximity between the two moieties leading to large couplings
with D, = 56 MHz and ], , ~ 95 and 120 MHz (for each of
the two conformers).41 These strong e-e couplings result in in-
creased cross-effect rates and therefore, AsymPol biradicals can
generate hyperpolarization very quickly.4041

In this article we explore how such strong e-e couplings affects
the MAS-DNP process around the biradicals. We focus on the
role of the protons on the biradicals and demonstrate both the-
oretically and experimentally that protons on the AsymPols are
not required for hyperpolarization, and that the nuclear hy-
perpolarization can be generated very quickly outside of the
molecule. We begin by demonstrating the ability of the numer-
ical methods to predict the behaviour of nuclear spin hyperpo-
larization build-up times in MAS-DNP experiments for several
cases. We then study the role of the protons on AMUPoI%7 and
on a AsymPol derivative from a theoretical point of view by se-
lective deuteration of the molecules. The predictions were then
verified experimentally on AsymPol-COOK which is a new deriv-
ative of the AsymPol family. We finally discuss how the hyperpo-
larization is transferred in both cases and its experimental con-
sequences.

Results

The effect of the initial polarization transfer can be observed by
the characteristic time it takes to generates the hyperpolariza-
tion called build-up time, T;. It has been demonstrated that the

measured build-up time reflects the combined effects of the in-
itial CE polarization rate and the spin diffusion rate (inside and
outside of the so-called spin diffusion barrier).57 It is important
to first demonstrate that our model is robust enough for pre-
dicting the build-up time under different conditions, to explain
how the hyperpolarization is transferred to the bulk and to iden-
tify which protons are involved in the process. In the next sec-
tion we illustrate the ability of the code to do so under various
conditions.

Benchmarking the MAS-DNP model

The MAS-DNP simulations were performed using the previously
introduced multi-nuclei model.#1-63 This model simulates the
MAS-DNP process with biradicals placed at the center of a box
made of the matrix in which it is dissolved. This model is suitable
to represent how the polarization is transferred from the birad-
ical to the bulk nuclei and thus predict Ty.

Table 1: Evolution of the polarization build-up time, T, as a function of the main mag-
netic field strength for 5 or 10 mM AMUPol in ds-glycerol/D,0/H,0 (6/3/1 volume ratio),
[H]=11M

T (s)
Bo, MAS freq. exp sim exp sim
(10 mM) | (10 mM) | (5 mM) (5 mM)
9.4T, 8 kHz 3.567 3.6 - 7.3
9.4 T, 40 kHz 3.868 4.1 7.168 7.7
14.1T, 8 kHz 4.86367 4.5 - 8.7
18.8 T, 8 kHz 569 5 1568 10.2
18.8T, 40 6.6 6.1 1868 11.3
kHz69

The calculations use structures obtained from Molecular Dy-
namics (MD) simulations as input and describe the MAS-DNP
process and the spin diffusion around the biradical, under cer-
tain approximations.41.63 [t makes extensive use of the Landau-
Zener approximation applied in the Liouville space>3 to ensure a
linear scaling of the problem with the number of spins. In addi-
tion, the model takes as input the biradical geometry, e-e cou-
pling, and electron to proton interactions. All these parameters
can be reasonably obtained from density functional theory
(DFT).41.6163 We note that both isotropic (Fermi contact) and an-
isotropic (dipolar) hyperfine couplings are calculated using DFT
simulations and are essential to accurately predict the build-up
times, as has also been noted previously.41.50.63 Since this model
was developed to simulate simple cases of AMUPol or AsymPol-
POK at 10 mM concentration for moderate MAS frequency, and
proton concentration [1H] = 11 M,41.63 we verified its ability to
simulate cases beyond its initial focus. It should be noted that
the model is able to predict the Tz of AsymPol-POK.41

First, we tested the model on the well characterized AMUPol
biradical ((Figure 2). AMUPol is a water soluble bis-nitroxide in-
troduced by Sauvee et al.%7 It possesses relatively strong e-e
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couplings with D, ,, = 35 MHz and ], ,, = —15 MHz.6L70 Under
MAS, D, ,, + 2], ranges from -100 to 20 MHz which enables
relatively short build-up times. As such AMUPol is an excellent
polarizing agent.

Table 1 reports T as function of the main magnetic field inten-
sity for AMUPol when [1H] = 11 M and different MAS frequen-
cies (8 or 40 KHz). The corresponding simulations shows a good
agreement with the experiments: the magnetic field and MAS
frequency trends are clearly reproduced for both biradical con-
centrations (Table 1). Note that the enhancements were also
calculated (SI), however the box model is not able to accurately
calculate the enhancements, as previously noted.61.71

To further test the robustness of the model, Ty was simulated
for different proton concentrations and compared with the re-
sults recently published by Prisco et al (Figure 1).57 The excellent
agreement between experiments and simulations demon-
strates the validity of this multi-nuclei model used in the simu-
lations.

—@— experiments
10 —jl— simulations

T (s)

0 20 40 60 80 100
["H] (mol.I'")

Figure 1: Plot showing T as a function of [*H] for 12 mM AMUPol dissolved in mix-
tures of glycerol/H,0 (6/4 volume ratio) and dg-glycerol/D,0 (6/4 volume ratio).
Black circles, experimental data extracted from ref [°7], red squares, simulations.

MAS-DNP simulations with AMUPol and AsymPol-OH

We subsequently explored the impact of degree of deuteration
of the radicals (Figure 2) on the DNP build-up times at two dif-
ferent magnetic fields, 9.4 T and 14.1 T (Figure 3). To simplify
the MD simulations, a neutral AsymPol, AsymPol-OH was used
for predictions as its geometry is very similar to AsymPol-POK.41

AsymPol-OH

d,,-AsymPol-OH

d,,-AsymPol-OH

Figure 2: Biradical structures tested for MAS-DNP, deuterated sites are indicated in
blue.

First the non-deuterated biradicals were tested in silico (Figure
3); AsymPol-OH yield much faster build-up times than AMUPol.
At both 9.4 T and 14.1 T, AsymPol-OH was predicted to have
build-up times three-fold shorter than AMUPol (1 svs 3.6 sand
1.8 vs 4.5 s, respectively, Figure 3).

The simulations were then carried out for the biradicals where
only one moiety was deuterated. In that case the build-up time
of AMUPol increases to 4.1 sand 5.8 sat 9.4 Tand 14.1 T, re-
spectively (Figure 3). On the other hand, the build-up times of
AsymPol-OH are unaffected by deuteration.

When the biradicals are fully deuterated, similar trends are ob-
served: the build-up time of AMUPol becomes significantly
longer (7.5 and 11 s at 9.4 T and 14.1 T, respectively), while the
build-up time of AsymPol-OH only increases negligibly and re-
mains very close to 1 and 1.8 s at 9.4 and 14.1 T, respectively.

Wos4T M 14T

Figure 3: Calculated build-up times for 10 mM AMUPol or 10 mM AsymPol-OH dissolved
in dg-Glycerol/D,0/H,0. Three different deuteration levels of the biradicals have been
simulated: no deuteration, one radical moiety deuterated, and fully deuterated.

These simulations show differing trends: for AMUPol, the pro-
tons on the biradicals are essentials for generating quick nuclear
hyperpolarization, while there is no apparent role for these pro-
tons in the propagation of hyperpolarization for AsymPol-OH.
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MAS DNP experiments with AsymPol-COOK

To verify the predictions, we carried out the synthesis of Asym-
Pol-COOK (Scheme 1, SI) as well as di;-AsymPol-COOK, and
tested them experimentally. AsymPol-COOK is a new water-sol-
uble derivative of AsymPol that is easier to synthesize than
AsymPol-POK. DFT simulations predict that AsymPol-COOK pos-
sesses a very similar structure as to AsymPol-OH (see Sl). The
MAS-DNP experiments used a 10 mM solution of AsymPol-
COOK and d12-AsymPol-COOK in a glass forming matrix made of
ds-glycerol/D,0/H,0 (6/3/1 volume ratio). The build-up time
and enhancement €, o¢r Of the two biradicals was measured at
8 kHz and 14.1 T (Table 2). The build-up times are identical for
both biradicals, and matches the predictions discussed above.
The enhancement for the partially deuterated biradical is higher
than for the fully deuterated one. This is in line with previous
work that observed that deuterating the methyl groups in alpha
of the nitroxides group yields larger enhancements4’.7273 unlike
deuteration in the TEKPol case.>° Removal of the protons on the
fast relaxing methyl groups has been shown to increase electron
spin relaxation times, which likely affects the microwave satu-
ration factor and observed enhancements.#”.7273 These effects
are not completely understood and will be the subject of future
work.

Table 2 Experimental results of 10 mM of AsymPol-COOK and d3;-AsymPol-COOK in dg-
glycerol/D,0/H,0 (6/3/1 volume ratio).

Biradical €on/off Tg(s)
AsymPol-COOK 70+2 2+0.1
d12-AsymPol-COOK 90+2 240.1

Discussion

The generation of hyperpolarization via cross-effect MAS-DNP
involves generating an electron spin polarization difference that
is transferred to the surrounding nuclei. This process involves
the hyperfine couplings and the couplings between the two
electron spins in biradicals. Strictly speaking, the efficiency of
the polarization transfer depends on the efficiency of the cross-
effect rotor events (obtained via the Landau-Zener approxima-
tion) and the number of such events per rotor period. These two
factors depend on the crystallite orientation but also depend on
the relative orientations of the g-tensors.31.32.36 Since the evolu-
tion of the proton polarization is slow compared to the MAS
rate,31,53.62,63 we will ignore the discontinuities induced by the
rotor events.
The polarization transfer from the radicals to the bulk nuclei can
take two different pathways:
1. polarization of the protons on the molecule followed by
spin diffusion to the bulk protons,
2. direct polarization of solvent protons followed by spin dif-
fusion to the bulk protons.

These two pathways can coexist, but their relative contribution
may depend on the rate of polarization transfer from the birad-
icals to each proton (i.e. the cross-effect efficiency), and on the
rate of the spin diffusion between protons that are strongly cou-
pled to the electron in the region of the spin diffusion barrier
(which depends on the density of protons>9). The two pathways
do not possess the same weight when comparing AMUPol and
the AsymPols.

The polarization of the protons in and around the biradical can
be approximately described as a set of equation connecting the
two pools of protons: those that are on the biradical, and those
that are in the solvent:

dPpirad i i
d—llrra = —RE{*!(Ppiraq — AP.) — RYNY(Pyiraq — Pp)
— Rsp(Ppirad — Psorv) (2)
dPgo;
% = —RE%IV(PSOIV - Ape) - Rioﬂlv(PSOIV - PB)
. - RS[)(Psolv - Pbirad)'
where REi™ and REG" is the average Reg for the protons on

the biradicals and in the solvent, respectively, R}’,i,{ad and Rionl"
are the nuclear relaxation rate for the protons on the biradicals
and in the solvent, respectively, Rgp is the spin diffusion or ex-
change rate between the two pools of protons, Py is the ther-
mal equilibrium polarization, Pp;raq and Pgoy are polarization
levels of the protons on the biradical molecule and solvent ma-
trix, respectively, and AP, is the absolute value of the polariza-
tion difference between the electron spins at steady state.3236
If we assume that differences in the proton distribution around
both biradicals are negligible, which results in similar magnitude
of hyperfine couplings, then Rgp, and AT are identical. Further-
more, we assume that the EPR linewidths are also similar for
both biradicals (Awasym = Awamy), this implies that the ratio
v(t:’]i;rad(AsymPol) _ v(s:%lv(AsymPol) _ |DAsym+2]Asym|2
vRirad(amMupol) ~ vE2V(AMUPoD) ~  |Damu+2/amul?’ (3)

mainly depends on ratio of the strength of the e-e couplings of
both biradicals. For AMUPoI |Damy + 2/amul spans the range
of 20-100 MHz, while in the case of AsymPols [Dagym + 2/asyml|
spans a range of 120-300 MHz. Therefore, the AsymPols can hy-
perpolarize protons faster by a factor ~ 9-16 on average than
AMUPol via a larger Rcg. One should note that this ratio is in
line with the ratio of the inverse of the build-up times
TAMU /TAY™ 3t 9.4 Tand 14.1T.

A consequence of this much stronger R, AsymPol can achieve
the same polarization rate as AMUPol on protons that are =
91/3 t0 16'/3 =~ 2 to 2.5 times further. Therefore, AsymPol can
more easily hyperpolarize protons in the solvent and does not
require the protons on the biradical as predicted by simulations.
Since the polarization build-up time of AsymPol is unchanged,
Ty = 1.8 s, this means that the transfer rate Rgp between the
protons of biradical and those of the solvent indicates is smaller
than RV (AsymPol). Therefore, the equations become decou-
pled:
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ap,
S RE™ (Pasym — APL™)
A
sym (PAsym - PB) (4)
dp.
%}V — SOIV(PSOIV — APASym) Ri?}v(Psolv —P )

In contrast, the large change for Ty in AMUPol vs d;1-AMUPol,
from 4.5 to 5.8 s, means that REYV(AMUPol) < Rgp. For
AMUPol the equation then becomes:

dPAMU AMU AMU
dt (PAMU AP )
- Rffrl\f[U(PAMU — Pg) — Rsp(Pamu — Psolv) (5)
dPgo1
% = =159 (Psolv — P5) — Rsp(Psotv — Pamu)

All in all, the preferred polarization pathways for AMUPol and
AsymPol at 14.1 T are shown schematically in Figure 4.

As Rcg diminishes with field due to the combined effect of
Aw, + Awy, and w2 in equation (1) the build-up times tends to
be longer at high fields.68 Under very high field conditions, the
protons on the biradicals may once again be important for the
AsymPols.

(@ — cE

- Spin diffusion

*H HCH

COOK

KOOC

Figure 4: Hyperpolarization pathways for (a) AMUPol and (b) AsymPol-COOK. Red
arrows indicate direct polarization transfer via CE, and green arrows indicate proton
homonuclear spin diffusion. Full line corresponds to the preferred pathway while
dotted lines corresponds to the less favorable one.

We note that in the previous work on the series of deuterated
TEKPols,%0 the cross-effect rate is likely limited by relatively low

e-e couplings in comparison to the AsymPols. Consequently, the
dominant pathway is the hyperpolarization of the closest spins
on the biradical molecule. Analogous arguments are also valid
for the observations made by Oschkinat and co-workers in the
case of TOTAPOL.”3

Finally, an increase in R¢g is desirable but increasing the e-e
coupling may not be the only solution. Indeed a large e-e cou-
pling can favor electron-electron cross-relaxation that prevents
the generation of large AP, 32 and if larger than |w,,| the CE ro-
tor events disappear.4244 |t is possible that the presence of elec-
tron-electron cross-relaxation limits the performance of the
AsymPols and other biradicals with large e-e couplings.

Instead an increase in R can equivalently be achieved by using
biradicals with correct relative orientations (which increases the
number of CE rotor events),3® or by using hetero-biradi-
cals, 427475 j.e. molecules made of two different radical types
with different EPR linewidth. The latter impacts Aw, + Awy, in
equation (1).

Conclusions

In this work we have studied the hyperpolarization pathways
around two commonly used families of biradicals for MAS-DNP
experiments, AMUPol and the AsymPols. After demonstrating
that the MAS-DNP simulations can reproduce the experimental
build-up times of AMUPol results under numerous conditions,
we predicted the effect of biradical deuteration using AMUPol
and AsymPol-OH as models. The simulations revealed that Ty
for AsymPols do not change under any of the deuteration levels
tested. This contrasts with previous reports, notably on the
bTbK family3550 and indicates a different pathway for the hy-
perpolarization around the AsymPol. This was confirmed exper-
imentally on AsymPol-COOK, a new water-soluble derivative of
AsymPol.

These results show that protons near the radical centers of bi-
radicals with moderate e-e coupling, play a significant role in the
hyperpolarization pathways. Another highlight of this work is
that the so-called diffusion barrier is rather permissible in the
case of MAS-DNP: in this region the hyperpolarization transfer
is slowed down, but not quenched as the term “barrier” might
imply.

Taken together, our results not only reveal the intricacies of the
hyperpolarization mechanism, but also demonstrate that when
the e-e couplings are large, protons on the biradical are not nec-
essary. Next generation of biradicals should thus focus on in-
creasing the e-e interaction but also improve the relative g-ten-
sor orientation or build on the potential of hetero-biradicals.
This will favor an efficient polarization transfer even in difficult
media, i.e. fully protonated media,*157 but also cases where the
targeted nuclear spin is low concentration or is not present on
the biradical, e.g. 1°F.
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