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DOI: 10.1039/x0xx00000x Over the last two decades solid state Nuclear Magnetic Resonance has witnessed a break-

through in increasing the nuclear polarization, and thus experimental sensitivity, with the
advent of Magic Angle Spinning Dynamic Nuclear Polarization (MAS-DNP). To enhance
the nuclear polarization of protons, exogenous nitroxide biradicals such as TOTAPOL or
AMUPOL are routinely used. Their efficiency is usually assessed as the ratio between the
NMR signal intensity in presence and absence of microwave irradiation €,y /. While TO-
TAPOL delivers enhancement eq,,0¢ Of about 60 on a model sample, the more recent
AMUPOL is more efficient: >200 at 100 K. Such a comparison is valid as long as the signal
measured in the absence of microwaves is merely the Boltzmann polarization and is not af-
fected by the spinning of the sample. However, recent MAS-DNP studies at 25 K by Thur-
ber and Tycko (2014) have demonstrated that the presence of nitroxide biradicals combined
with sample spinning can lead to a depolarized nuclear state, below the Boltzmann polariza-
tion. In this work we demonstrate that TOTAPOL and AMUPOL both lead to observable
depolarization at = 110 K, and that the magnitude of this depolarization is radical depend-
ent. Compared to the static sample, TOTAPOL and AMUPOL lead respectively to nuclear
polarization losses of up to 20 % and 60 % at 10 kHz MAS frequency, while Trityl OX63
does not depolarize at all. This experimental work is analyzed using a theoretical model that
explains how the depolarization process works under MAS and gives new insights on the
DNP mechanism and on the spin parameters, which are relevant for the efficiency of a birad-
ical. In light of these results, the outstanding performance of AMUPOL must be revised and
we propose a new method to assess the polarization gain for future radicals.

www.rsc.org/
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1. Introduction higher electron spin polarization is transferred to the surround-
ing nuclear spins, giving the potential to revolutionize the field
of ssNMR.
Although MAS-DNP experiments were already demonstrated at
low magnetic field strengths (in the 1980s) and further devel-
oped in the 1990s in the groups of Wind and Schaefer,>™® the
breakthrough really occurred with the work carried out at MIT
(Griffin/Temkin groups) with the development of stable high-
power high-frequency microwave sources and low-temperature
MAS-DNP probes.” A further step was obtained with the intro-

Solid-state Nuclear Magnetic Resonance (ssNMR) has now be-
come an invaluable technique to study complex systems at the
atomic level. Such advances are the result of continuous efforts
towards improving the sensitivity and resolution of the tech-
nique, e.g. by the development of higher magnetic fields, fast
hardware electronics, probes capable of fast Magic Angle Spin-
ning (MAS)'?, as well as improved control over spin dynamics
and adequate sample preparation protocols: these on-going im-

provements have definitively broadened the scope of the tech-
nique. In addition, the recent development of high-field Magic-
Angle Spinning Dynamic Nuclear Polarization (MAS-DNP)
clearly stands out in its ability to increase the sensitivity of a
very large number of ssNMR experiments. In DNP, the much

This journal is © The Royal Society of Chemistry 2013

duction of exogenous nitroxide bi-radicals, in particular TO-
TAPOL,® which proved to be much more efficient for high-
field MAS-DNP than previous alternatives. The substantial sen-
sitivity enhancements obtained with this modern MAS-DNP

Phys. Chem. Chem. Phys.| 1



Physical Chemistry Chemical Physics

technique has been demonstrated on challenging systems, going
from material surfaces’ ' to biomolecular applications'>!, and
stretched out the limits of ssSNMR with the possibility to obtain
natural isotopic abundance *C-'*C correlation spectra within a
few hours.””* This success has triggered the development of
even more efficient biradicals such as bTbK,?® bCTbK,*’ TEK-
POL,”® and AMUPOL,” all relying on the cross-effect mecha-
nism (vide infra) for the transfer of polarization from electronic
to nuclear spins. The DNP performance of these different polar-
izing agents is usually quantified as the ratio between the NMR
signals obtained with and without microwave (uw) irradiation
under the same experimental conditions (€on/0ff). Enhance-
ments of €,y /0fr 50 — 60 have been reported for 'H nuclei in
frozen solutions at sample temperatures of ~100 K in an exter-
nal magnetic field of 9 T using TOTAPOL,* while radicals
such as TEKPOL or AMUPOL can reach enhancements above
200,%* making them the most efficient polarizing agents for
MAS-DNP experiments up to now.

Until recently, the DNP solid-effect (SE) and cross-effect (CE)
mechanisms for polarization transfer under MAS were general-
ly considered as in the static case.’’™> The effect of sample
spinning was finally included in theoretical studies carried out

’s** and Vega’s®

in Tycko groups, which revealed notably that
high-field MAS-DNP transfer relies on fast-passage anti-
crossings of energy levels. At high magnetic fields (> 5 Tesla)
the g-tensor anisotropy of biradicals dominates the EPR lin-
ewidth of common organic radicals. During the time for the
sample (placed in a so-called rotor) to complete one cycle under
MAS (a rotor period), the frequencies of the electronic spins are
moving across the entire EPR line, allowing for different cross-
ings or anti-crossings of energy levels. For the SE, the mecha-
nism remains similar to the static case, and relies on the irradia-
tion of a forbidden transition. The difference lies in the fact that
the forbidden transition is irradiated periodically and not con-
tinuously. For the CE, these theoretical contributions have sig-
nificantly improved the description of nitroxide radical-based
MAS-DNP experiments through the development of full quan-
tum mechanical simulations for small spin systems while in-
cluding relaxation.***> The CE MAS-DNP process can be de-
scribed simplistically as follows: the pw irradiation is used to
generate a large polarization difference between two coupled
electrons as compared to the nuclear Boltzmann polarization.
This is only possible when the two electrons are not degenerate,
which implies that the pw irradiation at a certain fixed frequen-
cy will be able to perturb only one spin at a time. The differ-
ence of polarization between the two (coupled) electrons can
later be efficiently transferred to the surrounding nuclei when
the CE anti-crossing condition is matched.**>° At this point it is
important to note that such a DNP effect does not require the
microwave crossings and CE anti-crossings to happen simulta-
neously, contrary to the SE. In absence of uw irradiation the re-
peated presence of these latter crossing events induces a pertur-
bation of the nuclear polarization under MAS conditions, which
can deviate from standard Boltzmann equilibrium. This phe-
nomenon can lead to a reduction of the detectable nuclear po-
larization in absence of pw irradiation. This has recently been
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demonstrated experimentally and theoretically by Thurber et
al®” at low temperatures (25 K), where a decrease in the nucle-
ar polarization of up to a factor of six was measured in absence
of uw. However, the authors predict this depolarization effect
to be negligible at the conventional MAS-DNP temperatures of
~100 K, which was suggested by recent experiments performed
with TOTAPOL*. In addition to the depolarization phenome-
non, the presence of paramagnetic radicals also directly affects
the intensity of the detectable NMR signal as it leads to short-
ening of nuclear coherence lifetimes and potentially broadens
NMR resonances of close-by nuclei beyond detection. This ef-
fect is referred to as paramagnetic “bleaching” or “quenching”
in the literature ?>**-*%48

Despite the fact that depolarization and bleaching effects have
been evidenced experimentally, many studies still rely on the
use of the DNP enhancement factor €,y /ofr to reflect the abso-
lute sensitivity gain, although it is now clear that this simple pa-
rameter is not suited to this.?>*® In addition, since both the de-
polarization (in absence of uw) and the hyperpolarization
mechanisms (in presence of pw) rely on the matching of CE
conditions during the course of the rotation of the sample, it al-
so triggers additional questions: Are the efficiencies of both
mechanisms related? Should we expect large depolarization to
lead to large nuclear hyperpolarization under pw irradiation, or
not necessarily? Can we rely on the use of the DNP enhance-
ment factor €gy,ofr to properly compare the efficiency of two
nitroxide biradicals? Can we disentangle losses due to the depo-
larization mechanism from the bleaching/quenching contribu-
tions? Can we expect to measure MAS-DNP enhancement fac-
tors larger than the theoretical limit, since we are not necessari-
ly starting from the Boltzmann distribution in absence of pw ir-
radiation?

To answer these questions, we further investigate in this contri-
bution polarization losses during MAS-DNP experiments, both
experimentally and theoretically. In this work we demonstrate
for the first time that significant "H depolarization losses can be
observed in the absence of microwaves at ~110 K and 10 T for
two “gold-standard” polarizing agents TOTAPOL and
AMUPOL, while the narrow-line monoradical OX63* (SE
mechanism) does not lead to proton depolarization. Using
MAS-DNP simulations,*® we show that these observations can
be rationalized and are consistent with the biradicals’ proper-
ties. Further insight into the depolarization mechanism (a multi-
parameter phenomenon) can be obtained comparing the result
for each crystallite orientation with the result obtained on the
powder average. In light of these new results, the outstanding
performance of AMUPOL must be revised and we propose a
new and simple method to correctly assess the polarization gain
during MAS-DNP experiments.

2. Material and Methods

DNP-sample preparation

Five different DNP samples were prepared: a radical-free solu-
tion of 2 M *C—urea in Dg-glycerol/D,0/H,0O (60/30/10; v/v/v)

This journal is © The Royal Society of Chemistry 2012
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referred to as the “DNP matrix” in this study, two samples of
the same solution containing in addition 12 mM of the biradi-
cals TOTAPOL and AMUPOL, respectively, and one sample
containing 24 mM OX63 (Oxford Instrument) (chemical struc-
tures shown in Fig. 1). A fifth sample containing only 4 mM
AMUPOL in the DNP matrix has also been prepared.

For reliability in comparing intensities for the different sam-
ples, all experiments were performed with the same 3.2 mm
outer diameter sapphire MAS rotor and the same rotor plug,
which gives rise to a background proton signal at ~0 ppm. Once
filled in the rotor, the samples were subjected to at least 10
freeze-thaw cycles in order to remove dissolved oxygen. This
repeated operation leads generally to a lengthening of the satu-
ration-recovery time constant, as well as to an increase in the
DNP enhancement.
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Fig. 1 Chemical structure of the nitroxide biradicals used in this study: (a) TOTA-
POL®, (b) AMUPOL?, and (c) the Trityl-based mono-radical 0X63*

DNP-enhanced ssNMR experiments

Most of the spectra were recorded on a Bruker 263 GHz DNP-
NMR Avance III spectrometer, operating at a proton Larmor
frequency of 400 MHz, equipped with a low-temperature 3.2
mm wide-bore MAS probe able to spin samples up to ~15 kHz
at 100 K*°. The sample temperature was set to 110 K for all ex-
periments, adjusting the sample-cooling gas flow accordingly to
account for temperature variations due to different MAS rates
and pw irradiation.*® All experiments for a given sample were
performed consecutively to ensure the same glass quality. For
signal averaging, a recycle delay of 6 "7}, was used to ensure a
return to equilibrium of 'H spins between transients. 'H spectra
were obtained using a 7/2 excitation pulse of 100 kHz RF field
strength. °C spectra were measured using {'H-}'*C CPMAS>"
52 (cross polarization magic angle spinning) with SPINAL-64°°
heteronuclear decoupling at 72 kHz field strength. Time con-
stants for the recovery of 'H magnetization, Hy  were indi-
rectly detected on '>C using saturation-recovery prior to
CPMAS. Spectra on a Bruker 527 GHz DNP-NMR advance II1
spectrometer that operates at 800 MHz proton Larmor frequen-
cy, have also been recorded in similar conditions. For experi-
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ments using the Trityl-based (OX63) radical, the external mag-
netic field was adjusted to match optimal positive SE enhance-
ment.

Data analysis

The enhancement ratio €,y /0¢f can easily be measured from the
13C signal intensity of urea acquired with and without pw irra-
diation. It has been checked that this ratio does correspond here
to the enhancement measured directly on protons as well. How-
ever, in order to disentangle effects from depolarization and
bleaching, it is required to follow the absolute intensity of the
integrated proton signal, which cannot easily be extracted from
CPMAS experiments due to changes in CP efficiencies for dif-
ferent MAS frequencies. The precise determination of the pro-
ton-integrated signal requires the removal of unresolved contri-
butions from the probe and plug background signals. Using the
CPMAS indirectly-measured enhancement ratio €4y 0ff, the
background integral I, can be calculated using the following
equation:

I €on/oftlT off = IT,0n
bkg =y
(Eon/off - 1)

ey

with It and It o, being the "H spectrum integral over 800
ppm acquired without and with pw irradiation, respectively.
Ipkg can then be subtracted from It of and Igo, to give the
corrected 'H signal integrals Isorf and Igon (With €op/ofr =
Is,on/ Is,off). For the radical-free DNP matrix, the background
signal was measured in a separate experiment.

This analysis turned out to be impossible to realize on the 527
GHz DNP system. The temperature change in presence and ab-
sence of microwave irradiation was too large to determine ac-
curately €gn/off- Therefore Iyg and I7 of were obtained in two
separate experiments and I o¢ was determine by subtraction of
the data.

Simulations

Experimental results are explained using the previously pub-
lished simulation method.*>*® These simulations are performed
on a three-spin or four-spin system (two electrons and one pro-
ton {lHl-ea-eb} or three electrons and one proton {lHl-ea-eb-
e.}). Due to the sample rotation, the Hamiltonian of these spin
systems is time dependent. The simulations are based on a
Hamiltonian that contains Zeeman interactions, hyperfine cou-
plings, electron-electron dipolar couplings, and a puw irradiation
term. It can be written in the rotating frame as

H(t) = HZ+HHF+ﬁDE+ﬁHW

=Hy(t) + A, )

where

Hy = Z(gi(t)ﬁeBo - Vuw)gz,i - Z Vniz,n (3)

n
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i>j

ﬁp.w = Z Vlgx,i (6)

4

with v, corresponding to the microwave irradiation frequency,
v, to the microwave irradiation strength, g; the g-tensor coeffi-
cient of electron 7, /Tl-,n the hyperfine coupling between electron
i and nucleus n, Bi’ ; the electron-i — electron-j dipolar coupling,
and v,, the nuclear Larmor frequency.

These simulations were performed assuming a static magnetic
field of By = 9.394 T, and a temperature of 100 K. The g-tensor
principal values are g = [g., g, g] = [2.0017, 2.006, 2.0094] for
all electrons. The hyperfine interaction between electron a and
the nucleus is supposed to be arising from the a-1 electron-
nucleus dipolar interaction with a value A,; = 1.5 MHz. For
simplicity the other hyperfine interactions were chosen as
Ap_c1 = 0 MHz. The electron longitudinal relaxation time T
is varied between 0.1 and 1 ms, the nuclear longitudinal relaxa-
tion time is set to Ty , = 4 s, and the transverse relaxation times
are T, = 1 ps and T, ,, = 0.2 ms for the electrons and the nu-
cleus, respectively. The position of the spins are defined with
respect to the principal axis system of the g-tensor of the first
electron and are chosen as described in reference.** The Euler
angles of the g-tensors of electron b (with respect to electron a)
are Qg;, = [107°;108°;124°], and of the a-b dipolar tensor
Qpp = [127°; 94°;0]. The a-1 hyperfine interaction tensor is
aligned with the z-axis of the g-tensor of electron a. This geom-
etry corresponds to a TOTAPOL biradical molecule. When a
third electron c is considered, the electron-electron dipolar cou-
pling is kept constant equal to 0.5 or 1 MHz, and its initial g-
tensor orientation is defined by Q,. = [90°; 90°;0]. As no in-
formation about the structure of AMUPOL is available, it was
not possible to mimick the structural properties of its interac-
tion.

We compute the Hamiltonian and the relaxation matrix in the
eigenbasis of the Hamiltonian. It is then possible to calculate
the evolution propagator to obtain the density matrix at the pe-
riodic quasi steady-state.*>*® Since we have only one time de-
pendency in the system, which is coming from the sample rota-
tion, it is sufficient to compute the propagator for one rotor cy-
cle and apply it successively until the periodic quasi steady-
state (or steady orbit) is obtained.*®

This propagator is computed in the Liouville space in order to
introduce the electron (T ¢, T3 ) and nuclear (T 5, T ;) relaxa-
tion time constants. It is obtained by step integration: the rotor
period is decomposed in numerous steps (numerical stability is
usually obtained when the calculations are done with more than
10000 steps), the Hamiltonian is computed and diagonalized,
the relaxation matrix is calculated, and the elementary propaga-

4| J. Name., 2012, 00, 1-3

tor is then obtained. From the evolution operator it is possible
to obtain the density matrix at any time point and extract the
polarization P,; = 2tr(ﬁ.§z’i) of any electron spin i = (a, b)
and P, , = 2tr(p.1,,) for the nuclear spin. A more detailed ex-
planation about the simulation procedure is given in references
[*°2%]. In addition to previous work, we used the fact that elec-
tron-electron double quantum coherences do not contribute to
the DNP process. They have been stripped out of the Liouvilli-
an propagation to reduce its size by 12.5 %, saving about 10-15
% computation time.

3. Experimental results

In order to experimentally quantify the depolarization and
bleaching effects of TOTAPOL and AMUPOL at 110 K, three
different samples (DNP matrix, 12 mM TOTAPOL, 12 mM
AMUPOL) were investigated at different MAS frequencies
from 0 to 10 kHz, whereby evolution of the longitudinal recov-
ery time-constant of the protons IHTLn (build-up) and the abso-
lute proton signal integral were followed with and without pw
irradiation.

Results concerning IHTl’n are presented Table 1. Note that for
all radical-containing samples, the same value of IHTLn was
found in absence and in presence of pw irradiation. This is usu-
ally the case for a uniform distribution of radicals when the
DNP is driven by CE, and also SE if only low power micro-
wave irradiation is used.”

Table 1: IHTl_n at different MAS frequencies.

MAS frequency 0 kHz 1 kHz 10 kHz
"' , in DNP matrix 120+ 10s  65+3s 65+3s
"MT » in DNP matrix + 12 mM 1541s  70+02s 6.0+02s
TOTAPOL
"MT » in DNP matrix + 12 mM 1341s  30+0.1s 29+0.1s
AMUPOL
"MT » in DNP matrix + 24 mM 105+ 10s - 70+5s
Trityl 0X63

The introduction of nitroxide biradical species in the frozen so-
lution leads to a strong decrease of the apparent IHTLn satura-
tion-recovery time constant. This is usually attributed to the
dominant paramagnetic relaxation mechanism, which drives the
nuclear spins towards Boltzmann equilibrium. A significant de-
crease in the apparent IHTLn is observed as soon as the sample
is spinning at the magic angle. This result is in agreement with
previously published data observed at lower temperature on
frozen DNP matrices®”*®, It is interesting to note that despite
the fact that 1HTl’n are similar for AMUPOL and TOTAPOL
samples under static conditions (which is expected at identical
electron concentration), they significantly differ under MAS,
suggesting strongly that the dominant mechanism behind the
measured values of IHTLn under MAS may not be anymore
paramagnetic relaxation. It is also important to note that the
IHTLn behavior of the Trityl-doped (OX63) sample is quite sim-
ilar to the undoped DNP matrix case. This suggests that in the
experimental conditions used here (electron concentration and

This journal is © The Royal Society of Chemistry 2012
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temperature), IHTLn in the Trityl sample is not dominated by
the relaxation of the electrons.

In light of this result, great care should be taken when discuss-
ing the impact of electrons on the apparent 1HTl’n, and more
generally on nuclear coherence lifetimes under standard DNP
conditions. In particular, the mechanism behind the strong de-
crease in the apparent 1HTl’n in static conditions when using bi-
radicals needs to be clarified.

For a better understanding of the mechanisms and the impact of
depolarization and bleaching, we followed the carbon and pro-
ton magnetization as a function of the MAS frequency. In Fig.
2 (a), the DNP enhancements €, /of are given for the two bi-
radical-containing samples. As expected, it reflects that biradi-
cals are not efficient for CE-DNP in static conditions. As soon
as the sample is spinning, large DNP enhancements are ob-
served with an optimum at about 2-4 kHz MAS for TOTAPOL,
and 4-6 kHz for AMUPOL, followed by a slow decrease of the
curve when the MAS frequency is further increased. In very

293035 the maximum DNP

good agreement with the literature,
enhancement with AMUPOL is about four times higher (€4 /off
~ 210) than with TOTAPOL (€&qp /off ~ 50).

More interestingly, Figure 2 (b) presents the behavior of the
proton-signal integral Ig ¢ in absence of uw irradiation. In the
static case, the same proton integral is found for both TOTA-
POL- and AMUPOL-containing samples, which is however
about ~ 15 % lower than for the undoped DNP matrix. This 15
% difference in proton integral can directly be attributed to the
bleaching caused by the presence of paramagnetic centers, in
both cases at the same concentration (24 mM electron concen-
tration). In addition and in contrast to the case of the undoped
DNP matrix, which shows a MAS independent proton integral,

This journal is © The Royal Society of Chemistry 2012
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Is off decreases with the MAS frequency up to 5 kHz for the bi-
radical-containing samples, and then stabilizes at a plateau val-
ue, which is 20 % and 60 % lower for TOTAPOL and
AMUPOL, respectively, compared to the integral found with-
out sample spinning. When compared to the undoped DNP ma-
trix, the steady-state proton polarization under MAS without
pw irradiation is therefore ~30 % and ~65 % lower for TOTA-
POL and AMUPOL, respectively. This depolarization of the
“off” signal under MAS results in an artificially larger €, /0ff =
Is on/Isoff, that definitively overestimates the real polarization
gain, which should either be expressed as

Ison(vy)
e(vy) = €0n/off X €Depo = % (7)
5,0

to account for depolarization only, with €pepo = Is ofr(Vr)/
Is 0fr(0), or as

Ion(vr) (8)
€abs (V‘r) = 1—
s,undoped
= €on/off X €Depo X €Bleaching/Quenching
to account for both depolarization and bleaching, with

€Bleaching/Quenching = Is05e(0)/ Isundoped- Figure 2 (c) pre-
sents the corresponding curves for TOTAPOL and AMUPOL
samples. In both cases, the real and absolute polarization gains,
€ and €,5, reach a maximum as soon as the sample is spinning
(the lowest MAS point is in our case at 1 kHz), and then de-
crease steadily as the MAS

J. Name., 2012, 00, 1-3 | 5
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Fig. 2 Evolution of different experimental quantities as a function of the MAS frequency for the 12 mM AMUPOL (red circles), the 12 mM TOTAPOL (black squares),
and the undoped (blue diamonds) samples. (a) €on/0fr Measured on 3C-CP signal of Urea. (b) Proton-signal integral in absence of uw. (c) Real polarization gain € with
respect to the static pw-off sample integral (full lines), and absolute polarization gain €,,5 with respect to the undoped sample integral. (d) Normalized real polariza-

tion gain €.

frequency is increased. A maximum polarization gain € of 95
for AMUPOL and 40 for TOTAPOL is obtained, while €,y is
75 and 33, respectively, when compared to the pw-off static
signal of the doped sample. The real improvement of AMUPOL
over TOTAPOL for frozen solutions at 110 K is therefore of a
factor of ~2.3, only half of what is obtained on the basis
of €on/off- It can be noticed that the behavior of the real polari-
zation gain as a function of the MAS frequency is very similar
for both biradicals considered here, with a slightly more pro-
nounced MAS-frequency dependence for TOTAPOL compared
to AMUPOL (see Fig. 2d).

Additional experiments conducted at higher field were per-
formed on a 4 mM AMUPOL sample and were compared to the
lower field results on the same sample. In this set of experi-
ments only the depolarization has been assessed and Figure 3
shows the evolution of €pep, for this sample.

This journal is © The Royal Society of Chemistry 2013

—@— 'H - 800 MHz, 4 mM AMUPOL
—— 'H - 400 MHz, 4 mM AMUPOL

| L L L L DL L L L L L L L L |

0 2 4 6 8 10
MAS Frequency (kHz)

Fig. 3 Evolution of €pep, for the 4 mM AMUPOL sample. Red squares and blue

circles correspond to data recorded respectively on the 263 GHz and 527 GHz
DNP-NMR spectrometers.
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From this figure, it can be noted that the 4 mM AMUPOL sam-
ple presents a significant depolarization at both field strengths.
At 10 kHz MAS, the depolarization is less important at higher
field, where it reaches about 30 %, compared to 60 % at lower
field. Interestingly, the trend of the depolarization with respect
to MAS looks similar at both magnetic fields. It should also be
pointed out that a similar depolarization is measured on both
the 4 and the 12 mM samples at 9 T.

The enhancement factor €,n/0rr Was also measured at both
magnetic fields on the 4 mM AMUPOL sample spinning at 10
kHz MAS, achieving values of 190 and 35 at 9 T and 19 T, re-
spectively. After correction of these values by the depolariza-
tion factor, real polarization gains of € = 76 and 24 are ob-
tained, respectively.

As a comparison to the CE case, Figure 4 presents the data
measured on the Trityl-doped sample, for which the DNP en-
hancement €4, /0fris found to be MAS independent (black
curve), in agreement with previous theoretical description of
the SE.* The proton integral Is off for both the undoped and
doped samples are MAS-frequency independent as well. For
the doped sample, I of is slightly lower than for the undoped
sample by ~ 15 %, as in the static case for the biradicals. This is
consistent with a similar bleaching/quenching behavior for all
polarizing agents considering the same electron-spin concentra-
tion.>”¥**? Nonetheless, the behavior of Isofe for the Trityl-
doped sample as a function of MAS is significantly different
than those observed for the biradicals, showing clear differ-
ences between the CE and SE mechanisms. The bleach-
ing/quenching is MAS-frequency independent and for a radical
exhibiting SE exclusively, we then have €4y /0fr = €.

20
T } l 1 1 1—1.5
154 :
J &
- o
] —
80: - CCCCZ§-_____ jl g
gl — T T =
g === Fo—=e=a -
. E
5] 0.5~
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Fig. 4 DNP enhancement €qp/off (black circles, left axis) and normalized Is o
(blue down-pointing triangles, right axis) for the Trityl OX63 doped sample as a
function of the MAS frequency. Corresponding normalized Ig o for the DNP ma-
trix are indicated with red rectangles (right axis).

4. Simulations

In order to explain the observed results, we used previously
published simulation methods*=* and tested several parameters
in order to assess their effects on depolarization.

This journal is © The Royal Society of Chemistry 2012
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As explained briefly in the introduction, the DNP mechanism
under MAS relies on the effect of energy level anti-crossings,
called rotor-events here. There are 4 types of rotor-events in-
volved in a spin system of one biradical coupled to one nucleus
that can occur during the course of a rotor cycle. Eigenstates
can be defined by |xaxpxn), Where x,;, corresponds to the
quantum state of electron a or b, and y,, to the nuclear state. As
we consider only spin-Y: states, each of these states can take
two values: a or 8. The four rotor-event types can then be de-
scribed as:

1. The microwave irradiation produces a change of one quanta
on one electron |ByxpXn) © |@aXpXn) OF |XaBbXn) ©
|¥aapxn) With (x = a or B), when the resonant frequency
of the electron matches the microwave frequency (v,; =
V,uw)

2. The dipolar interaction coefficient D, induces an anti-
crossing between |[Baapxn) © |@aBbrxn), with (x =
a or f3) when the resonant frequency of both electrons are
equal (Ve,q = Ve,p);

3. The CE-conditions are fulfilled and the effective interaction
coefficient D, ,A* /v.>%7 induces an anti-crossing be-

|ﬁaab:gn) © |aaﬁban) or |aa:8ban) ©

|BaapBr) when the resonant frequency difference between
the electrons matches the nuclear resonant frequency

tween

Ve.a — Vel = Vn;

4. The microwave irradiation matches a ‘forbidden’ transition
producing a change of two or zero quanta on one electron
and the nucleus due to the presence of pseudo-secular hy-
perfine  coupling terms  |BaxpBn) © |Xaxpan) or
[Baxpan) < lagxpBn). electron a, |xaBpBn) <
|Xa@p®n) OF |XaBptn) © |Xe@pPBr) for electron b with
(x =aor ). The effective irradiation is given by
v1A% /v, when |v,; — Vuwl| = vp; This rotor-event is the
main mechanism active in the SE case.

However, in absence of microwaves only two kinds of rotor
event remain, 2 and 3. In electron-electron dipolar rotor-events
there is an “exchange” of polarization between the electrons,
whilst the CE rotor-event leads to a polarization exchange be-
tween the electrons and the nucleus. The CE relies on the exist-
ence of a polarization difference between the two electrons®®>%
60 which can be exchanged with the nuclear polarization. This
exchange can be either positive or negative depending on the
sign of the electron polarization difference during the CE anti-
crossing. In absence of microwaves, the dipolar anti-crossing
will result in an exchange of polarization between the two elec-
trons, leading to a possible reduction in the electron polariza-
tion difference depending on the electron relaxation time T ..

for

Effect of relaxation times

Figure 5 shows the change in the powder-averaged proton po-
larization with respect to the Boltzmann polarization at steady-
state and without puw irradiation, as a function of the MAS fre-
quency for different electron longitudinal relaxation times T ..
As a general observation, the proton polarization decreases as
the MAS rate is increased. The loss of proton polarization is
higher when T, . is longer. This explains why these observa-
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tions have been more prominent at very low temperature, where
electron relaxation time constants are longer. In addition, radi-
cals with intrinsically longer T; , may also lead to more depo-
larization. On the other hand the depolarization can be reduced
if the nuclear longitudinal relaxation time is short. To under-
stand these observations further, it is necessary to analyze the
depolarization on the scale of a single orientation.

]_

PO

=3
o0
1

a
w
=
3
=
= —
£ 00
)
1
eg 0.4 _'_Tl’e= 1 ms
& o1, =03ms T, =4s
e ’ ?
%= 09+ +T1!e= 0.1 ms
a

+T] © =0.3 ms, Tl,n =02s

0 T T T T T T
0 2 4 6 8 10 12
MAS Frequency (kHz)

Fig. 5: Simulated variations of the steady-state proton polarization (in absence of
uw) normalized by the Boltzman polarization, corresponding to a
ed €pepo, as a function of the MAS frequency. Black squares correspond to a Ty ¢
of 0.1 ms, blue circles to T; , of 0.3 ms, and inverted red triangles to T , of 1 ms,
all of them with T ,, of 4 s. Green triangles correspond to Ty of 0.3 ms and T ,,=
0.2 s. The spin parameters correspond to a TOTAPOL biradical: D, ,= 23 MHz, g =
[2.0017, 2.006, 2.0094], Agq 1 = 1.5 MHz, Aj 1 = 0 MHz, Ty, = 4 s (0.2 s for green
up triangles), T, . = 4 ps, T, = 0.2 ms. (color online)

Crystal orientation dependence of the nuclear spin polarization
at quasi steady-state within one rotor cycle

Figure 6 (a) presents, the steady-state nuclear polarization with
uw irradiation versus without uw irradiation (after 10° rotor cy-
cles (1)) for each crystallite orientation of the powder. Both
steady-state polarizations are normalized by the Boltzmann nu-
clear polarization, and the simulations have been performed for
two Ty . values (0.1 ms (black circles) and 1 ms (red triangles)).
While the x-axis represents the normalized nuclear polarization
without irradiation (depolarization conditions, simulated
€Depo)> the y-axis represents the normalized nuclear polariza-

tion under puw irradiation (hyperpolarization conditions, €). For

8 | J. Name., 2012, 00, 1-3

both T; . values, there is a clear correlation between the depo-
larization and hyperpolarization abilities of a crystallite orienta-
tion. An orientation that leads to a highly depolarized state in
absence of pw irradiation (small €pep,) is not able to achieve a
high hyperpolarized state under irradiation, while an orientation
that does not depolarize significantly (€pepo ~ 1) contributes
strongly to the hyperpolarization in the presence of pw irradia-
tion.
In order to understand why certain orientations lead to more
depolarized states, a systematic study of these orientations has
been made. As the quasi steady-state nuclear polarization re-
sults from the rotor-events experienced by the spin system, it is
necessary to study the system on the time scale of one rotor pe-
riod. For the purpose of the discussion, we picked one typical
orientation, which corresponds to the encircled points in Figure
6 (a) for both T;, values. Figure 6 (b) displays the time de-
pendence of the electrons’ polarization of that particular orien-
tation during one rotor period after N, = 10%t, = 8.33 s of
free evolution. This corresponds to a time where all the spins
are at the quasi steady-state (or more specifically periodic qua-
si-equilibrium).
During this free evolution, the electrons have been influenced
by the relaxation and the rotor events in each rotor period. The
black curves correspond to their respective polarization consid-
ering a T of 0.1 ms, while the red curves are for 7). = 1 ms.
At the quasi steady-state, defined as:

P(Nt,) = B((N + D)ty), (9)

we observe that a polarization difference is present between the
two electrons. For this single crystallite orientation, it is seen
that during the course of one rotor cycle, the polarizations of
electrons a and b are exchanged twice. It should be noted that
the first electron-electron dipolar rotor-event leads only to a
partial polarization exchange between the two electrons, which
has the effect to almost equate them. This happens when the di-
polar interaction is small compared to the duration of the event
(leading to a small Landau-Zener factor’**®®"). In between the-
se rotor-events the relaxation tries to bring the polarization back
to Boltzmann equilibrium. CE rotor-events also occur (marked
by dashed vertical lines), but are not evident on this scale be-
cause they are very small.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 (a) Simulations of the 'H Boltzmann-normalized steady-state nuclear polarization of 144 different crystallite orientations with pw irradiation (simulated €) vs
without pw irradiation (simulated €pepo). Black circles corresponds to a Ty of 0.1 ms, and red down-pointing triangles to T1 of 1 ms. Blue circles correspond to one
particular crystallite orientation used for (b). (b) Simulation of electron polarization over one rotor period after Nt, = 8.33 s of evolution under pw irradiation for a sin-
gle crystallite orientation. Black curves correspond to a Ty of 0.1 ms, red curves to a T, of 1 ms. Full lines are the evolution of the polarization of electron a while
dashed lines that of electron b for an initial g-tensor orientation of electron a with respect to the rotor frame yg; = (320,141.0, 80). The dashed vertical lines indicate
the position of CE rotor events. The spin parameters correspond to a TOTAPOL biradical ((D,, = 23 MHz, g = [2.0017, 2.006, 2.0094], Ag1 = 1.5 MHz, Ty, =45, Toe =1
us, To,n = 0.2 ms. The MAS frequency is v, = 12.5 kHz, i.e. T, = 83 ps. (color online)
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In this example, the polarization difference between the elec-
trons is relatively small in both cases, but it is much smaller
when T . is longer. As the electrons’ polarization difference de-
termines the steady-state nuclear polarization, smaller polariza-
tion difference is translated into smaller final nuclear polariza-
tion.>® This is indeed observed when comparing P (Nt,)/P,(0) =
0.38 for 7', . = 0.1 ms to P,(Nt,)/P,(0) =0.1 for 7, . = 1 ms,.

For individual crystallite orientations presenting strong nuclear
depolarization, the systematic characterization of the steady-
state electron polarization reveals the presence, within the
course of the rotor period, of electron-electron dipolar rotor-
events that only partially exchange polarization between the
electrons. This kind of dipolar rotor-events lead to a reduction
of the electron polarization difference, which then gets smaller
than the nuclear polarization. Eventually, when CE rotor-events
then occur, there is an exchange of polarization between the
electrons and the nucleus and in that case, the nucleus gives
part of its polarization to the electrons (depolarization). As
shown in Figure 6 (b), this effect can be counter balanced if the
electron relaxation time T} , is fast enough on a rotor time scale
to re-generate a larger electron polarization difference before
the CE rotor-event. The depolarization mechanism involves a
tradeoff between the electron relaxation times, the electron-
electron dipolar rotor-events and the MAS frequency. As a side
note, it should be highlighted that electron-
electron dipolar rotor-events are also responsible for smaller

“inefficient”

electron polarization differences in presence of uw irradiation.
This can be observed in the nuclear steady-state polarization,
which reaches P"(Nt,)/P,(0) = 225 for T, = 0.1 ms, and only
78 for T} . =1 ms.

The effect of T;, can be analyzed as is described in a recent
publication.*® When Ty is long enough, then the nuclear polar-
ization tends to get close to the electron polarization difference
Pl ~ IP,
short, the nuclear polarization will reach a steady-state value

— Py |max for each crystallite orientation. If it is too

between its Botzmann thermal equilibrium and the electron po-
larization difference. Figure 7 illustrates this for two different
Ty n values of respectively 0.2 and 4 s. For 144 individual crys-
tallite orientations, the (quasi periodic) steady-state nuclear po-
larization is plotted as a function of the maximum electron po-
larization difference obtained by calculating the electrons’ po-
larization within the N* = 10° " rotor period t,..>® In this figure,
it can be noticed that for longer T ,, the nuclear polarization
tends towards the maximum electron polarization difference.

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Simulations of the steady-state *H nuclear polarization P, for 144 individual
crystallite orientations versus the maximum electron polarization difference
|P; — Pplmax in absence of pw irradiation. Blue circles correspond to a Ty, of 4 s,
and green up-pointing triangles to a T;,, of 0.2 s. The top dashed line indicates
the nuclear Boltzmann polarization. The spin parameters correspond to a TOTA-
POL biradical ((Dgp = 23 MHz, g = [2.0017, 2.006, 2.0094]. Ay = 1.5 MHz, Ty =
0.3 ms, Toe =1 ps, T, = 0.2 ms. The MAS frequency is v, = 12.5 kHz, i.e. t, = 83
us. (color online)

As for a majority of orientations in the considered spin system,
the electron polarization difference is smaller than the nuclear
thermal polarization, less depolarization will be observed on
average (powder) for shorter T ,,.

Effect of additional electrons

As observed in the previous section, electron-electron dipolar
rotor-events play a key role in the depolarization process, along
with T . In a real sample of ~ 10 mM biradical concentration,
the intermolecular electron-electron dipolar couplings between
closest biradical molecules are typically of the order of 0.5 to 1
MHz, much smaller than the intramolecular dipolar coupling,
which is of the order of tens of MHz. However, these intermo-
lecular dipolar couplings will lead to additional dipolar rotor-
events that may only partially exchange the polarization be-
tween electrons. This results in a more efficient “equilibration”
of the electron polarization due to MAS-induced spectral diffu-
sion.

Phys. Chem. Chem. Phys.| 10
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pw irradiation (simulated €pepo). Although many orientations

9 give enhancement values much higher than the 660 limit
(dashed line), they all correspond to crystallite orientations pre-
Q
20.8 senting strong depolarization, which explains the origin of the
% misleading high on/off enhancement observed on a powder.
=
g 0.6-1
7
I
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Fig. 8 Simulations of the "H nuclear polarization at steady state as a function of
the MAS frequency obtained after powder averaging over 144 orientations. Blue
squares: two electrons (with TOTAPOL geometry) coupled to a nucleus, green
circles and red down-pointing triangles: same spin system with a third electron
at 4.7 nm (Dgc = 0.5 MHz, D, ¢ = 0.5 MHz) and 3.7 nm (Dgc = 1 MHz, Dy = 1
MHz) from the first two, respectively. For all cases, Aq 1 = 1.5 MHz, Aj ;1 =0 MHz,
A1 =0 MHz. The rotor evolution has been decomposed using 10000 steps.

This effect is probed by adding a distant electron in the simula-
tions. The MAS dependence of the nuclear polarization at
steady-state in this 4-spin system is presented in Figure 8. As in
the 3-spin case (blue squares), the nuclear polarization decreas-
es as the MAS rate is increased. However, the presence of an
additional electron at 4.7 or 3.7 nm (green circles and red down
pointing triangles, respectively) leads to a steeper MAS de-
pendence from 0.5 to 3 kHz, and to a larger nuclear depolariza-
tion, which is correlated to the strength of the coupling to the
third electron.

This behavior is in relatively good agreement with the experi-
mental observations. A better theoretical description could be
obtained by taking into account additional electrons and nuclei.
Nevertheless, this will be extremely computationally demand-
ing in the Liouville space.®

Theoretical Enhancement Factor On/Off

The presence of depolarization affects the quantification of the
polarization gained via DNP. Indeed, the polarization gain is
experimentally routinely quantified as the ratio of the signal in-
tensity in presence and absence of pw irradiation. The presence
of depolarization thus introduces a bias in the evaluation of the
polarization gain, when performed in this manner. Figure 9 (a)
presents the simulated effect of the MAS frequency on this
conventional enhancement, i.e. the ratio of the nuclear polariza-
tion, averaged over a powder, in the presence and absence of
pw irradiation, for two different pw irradiation strengths,
w; = 0.85 and 1.7 MHz. At the lower pw irradiation strength
(black circles), the global behavior of this simulated DNP en-
hancement ratio as a function of the MAS frequency is very
close to the experimental enhancement observed with
AMUPOL. However, by increasing the irradiation strength, it
can then be possible to obtain on/off enhancement ratios be-
yond the “theoretical” limit of y,/y, = 660 for protons. The
reason behind this contradiction is revealed in Figure 9 (b),
which presents the contribution of each individual crystallite
orientation to the theoretical enhancement ratio €qn/0fr for a
MAS frequency set to 12.5 kHz. These values are sorted as a
function of the normalized nuclear polarization in absence of

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 11
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Fig. 9 (a) Simulation of the "H nuclear polarization enhancement at quasi steady-state (simulated €,,/0fr) as a function of the MAS frequency obtained after powder
averaging over 144 orientation, considering following spin-system parameters: T;. = 0.5 ms, Ty, =4 s, Dg;, = 50 MHz, g = [2.0017, 2.006, 2.0094], A, 1 = 5 MHz. Black
circles and red squares correspond to irradiation strengths of v; = 0.85 and 1.7 MHz, respectively. The dashed line corresponds to the “theoretical” maximum en-
hancement of 660. (b) Simulation of the on/off enhancement for each of the 144 crystallite orientations as a function of the normalized nuclear polarization in ab-
irradiation (simulated

sence of uw €Depo)-

5. Discussion

The loss of integrated NMR signal intensity in MAS-DNP ex-
periments in absence of uw irradiation can originate from two
phenomena discussed in the literature: the bleaching/quenching
effect, which reduces the number of detectable nuclei, or a loss
in the steady-state proton polarization due to the presence under
sample spinning of CE events with the electrons of the biradical
molecules. On the one hand, the bleaching/quenching is usually
described as the loss of detectable signal due to broadening of
the nuclear resonant frequencies as a result of hyperfine cou-
plings and/or faster relaxation times of close-by nuclei induced
by the paramagnetic centers. This effect should be present with
any type of paramagnetic polarizing agent. On the other hand,
depolarization corresponds to a nuclear quasi steady-state of
lower polarization than the Boltzmann equilibrium,*’ and can a
priori only happen in the presence of polarizing agents that effi-
ciently generate nuclear polarization via CE with overlapping
EPR resonances, i.e. when electron-electron dipolar rotor-
events are present.

In order to assess the respective effects of bleaching/quenching
and depolarization at ~ 100 K, we have tested two types of po-
larizing agents: the Trityl OX63, which polarizes protons only
via the SE, and two “gold-standard” nitroxide biradicals, TO-
TAPOL and AMUPOL that polarize protons via the CE.
Bleaching/quenching is observed in our experiments and corre-
sponds to the difference, without pw irradiation, between the

This journal is © The Royal Society of Chemistry 2013

signals of doped samples versus undoped samples under static
conditions. It is found to be in the order of ~15 % for the elec-
tron concentration of 24 mM used in this study, in agreement
with previous literature.’’**% It is interesting to point out that
all doped samples start from a similar initial proton intensity
under static conditions, which may indicate very similar elec-
tron concentrations.

We could expect that sufficiently high MAS frequencies would
better average hyperfine interactions, thus leading to a reduc-
tion of the bleached/quenched volume. This would increase the
proton signal integral under spinning conditions as long as the
excitation bandwidth of the pulse is large enough. Such extreme
experimental conditions are presently infeasible, which ex-
plains the Trityl experimental results where the proton signals
in absence of uw irradiation hardly change with increasing
MAS frequency up to 10 kHz.

The completely different behavior of the proton signal for sam-
ples containing bis-nitroxides is in contradiction with the
bleaching/quenching hypothesis, and another phenomenon, the
depolarization, must therefore be taken into account. The depo-
larization phenomenon leads, in absence of pw irradiation, to a
decrease of the proton signal under MAS, which then reaches a
plateau. This plateau value significantly differs between the two
tested biradicals. The depolarization is moderate for TOTAPOL
with €pepo (10 kHz) = 0.7, and stronger for AMUPOL with
€Depo(10 kHz) ~ 0.4. Such an amount of depolarization has a
major impact on the real polarization gain €. While the en-

Phys. Chem. Chem. Phys.| 12
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hancement €gp, /ofr Shows an optimum at MAS frequencies of 2-
4 kHz for TOTAPOL and 5-8 kHz for AMUPOL, the real po-
larization gain €, which takes into account depolarization,
shows a stronger MAS frequency dependence with an optimum
at the smallest measured MAS frequency (1 kHz), as theoreti-
cally predicted.**® In optimized MAS conditions, the real po-
larization gain reaches about € = 40 for TOTAPOL and € = 95
for AMUPOL, respectively 1.3 and 2.2 times smaller than the
enhancement ratio €g,/0fr. Additionally taking into account the
bleaching/quenching, these values are lowered further by about
15 %, with €455 = 32 for TOTAPOL and e€,,5 = 78 for
AMUPOL. These polarization gains are by far smaller than
previously published results based on on/off enhancements, and
significantly reduce the performance gap between AMUPOL
and TOTAPOL. Nonetheless, they still demonstrate the strong
increase in overall signal-to-noise achievable with DNP, and
maintain the supremacy of AMUPOL.

Experimental results at higher magnetic field revealed a com-
paratively weaker depolarization. Thus, while the depolariza-
tion of AMUPOL reaches about €pep, =~ 0.4 at 10 kHz MAS
rate and 9 T, it is only 0.7 at 19 T. Depolarization has thus a
lower impact on the €,n/0fr at higher magnetic field. While
€on/off(400 MHz) ~ 200 is reduced to the much lower real po-
larization gain of € = 95, €,n/01rf(800 MHz) = 35 is closer to
the real gain of € = 24. Consequently, the field dependence of
the CE mechanism may not be as drastic as initially observed
on the basis of the misleading €gpn /0off -

To understand the depolarization mechanism we used a simple
model consisting of up to three electrons coupled to one nucle-
us. Our simulations confirm that longer electron relaxation
times T, . lead to stronger nuclear depolarization. This is quali-
tatively in agreement with experiments where less depolariza-
tion is observed for TOTAPOL, which is expected to have a
shorter Ty % than for AMUPOL?.

The crystallite-by-crystallite theoretical analysis has revealed
the role in the depolarization process of “inefficient” electron-
electron dipolar rotor-events that only partially exchange the
electrons’ polarization. The portion of biradicals that are in ori-
entations presenting such “inefficient” dipolar rotor-events,
lead to a strong depolarization of close-by protons under MAS
in absence of uw irradiation, but are also unable to hyperpolar-
ize once the pw irradiation is applied, due to their low electron
polarization difference. This effect is observed for a significant
number or biradical orientations, leading to the discrepancy be-
tween the on/off enhancement ratio and the real or absolute po-
larization gain. Using biradicals with higher “intramolecular”
electron-electron dipolar couplings (or exchange interactions)
could lead to a reduction of depolarization, thanks to more effi-
cient electron-electron polarization exchange during dipolar ro-
tor-events. However, the presence of “intermolecular” electron-
electron dipolar interactions between different biradicals in a
real sample may be critical as well for the depolarization pro-
cess. With biradicals’ concentration of the order of a tenth of a
mM, the “intermolecular” dipolar couplings lead to additional
electron-electron dipolar rotor-events. These rotor-events gen-
erate MAS-induced electron-electron spectral diffusion that

This journal is © The Royal Society of Chemistry 2012
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tends to equilibrate the electron polarization throughout the
EPR line, and therefore to reduce the electrons’ polarization
difference, leading to stronger depolarization. This effect has
been demonstrated theoretically by including a third electron
spin in the simulations. The introduction of this additional elec-
tron offers a trend of depolarization that is closer to the experi-
mental data.

Finally, to underline the major flaw in using the traditional
on/off enhancement ratio to evaluate the degree of hyperpolari-
zation, we showed with simulations the possibility to reach en-
hancements values €, 0f for protons higher than the “theoreti-
cal” maximum of 660, due to the disregarded loss of polariza-
tion induced by the CE under MAS in absence of uw irradiation
for samples doped with biradicals. We believe therefore that a
better quantification method should be used to appraise the gain
in hyperpolarization, especially for high MAS frequencies, and
in particular to assess the MAS-DNP performance of radicals.

4738 to account

Thus, the enhancement ratio must be correcte
for depolarization, even for experiments at ~ 100 K, using for
instance Eq. (7).

For nitroxide biradicals, the MAS dependence of the real en-
hancement gain may become critical for their use in the fast
the MAS-

independent € of Trityl-type radicals may become an asset. Fur-

spinning regime (>20 kHz). In this context,
thermore, extension of the simulation tools to take into account
intermolecular dipolar interactions seems necessary, and we
may address it in a future work.
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