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Abstract

Dynamic nuclear polarization (DNP) by the Cross Effect (CE) has become a game
changer for solid-state nuclear magnetic resonance (NMR) spectroscopy. The efficiency
of CE-DNP depends on the strength of the electron-electron coupling in biradical po-
larizing agents. Hence, the focus lately has been on designing biradicals with a large
net exchange (J) and dipolar (D) coupling. In this study, we reveal that the crucial
factor for CE-DNP is not the sum, J+D, but rather the relative magnitude of J and
D, expressed as the J/D ratio. We show that the mechanistic basis of this interference
lies in the isotropic v.s. the anisotropic nature of the J and D couplings, respectively.
This interference can lead to a small (effective) electron-electron coupling for many
orientations even when J+D is large, resulting in non-adiabatic rotor-events. We find

that when 0< |J/D| < 1 the CE-DNP efficiency is attenuated for the majority of
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orientations, with greater attenuation observed at higher magnetic fields and faster
Magic-Angle Spinning (MAS) frequency. The interference effect of J and D coupling
introduced in this study can explain why many biradicals with high or comparable J +
D still show significantly divergent DNP performances. We debut J/D as a consequen-
tial criteria for designing efficient biradicals to robustly perform across a large range

of By fields and MAS frequencies.

1. Introduction

Dynamic nuclear polarization (DNP) is rapidly changing the scope of solid-state nuclear
magnetic resonance (NMR) by amplifying its sensitivity by several orders of magnitude.
DNP amplified NMR has provided access to structural biology and material characterization,
well beyond what was possible with traditional NMR.™® Of the various DNP mechanisms in
insulating solids, Cross Effect (CE) DNP has become the most powerful method to enhance
the sensitivity of solid-state nuclear magnetic resonance (NMR), especially under magic-
angle spinning (MAS). This is because the microwave power requirement for transferring
polarization from electron to nucleus is much lower in CE than in Solid Effect (SE)- another
important DNP mechanism. However, in spite of tremendous improvement, the efficiency
of CE-DNP is still far below its theoretical maximum. Furthermore, it deteriorates with
increasing magnetic field (Bg) and/or MAS frequency (v,.).” Concerted efforts are invested
into improving the CE-DNP efficiency, especially at the experimentally important regime of
high By and fast v, for achieving high resolution and high sensitivity for NMR.5L

The CE-DNP is achieved via simultaneous flip-flop-flip of two coupled electron (e) spins
and a dipolar coupled nuclear (n) spin with Larmor frequency equal to the frequency dif-
ference of the two coupled e spins.*#!% The population difference between the electron spins
is transferred to the nuclear spins matching the CE conditions, and this enhanced polar-
ization of the directly coupled, core nuclei is subsequently transferred to bulk nuclei via

spin-diffusion.** In CE DNP, effective coupling of the two CE-inducing electron spins is



key to its polarization transfer efficiency. This has led to massive effort in the pursuit of
optimizing the chemical linker joining the radical (electron) centers, molecular geometry,
solubility, and the associated electron spin relaxation rates of the polarizing agent, typically
a biradical 12

A common assumption in the literature is that increasing the sum of e-e dipolar (D)
and exchange coupling (J), J+D to higher optimum values will increase the CE-DNP en-
hancement. Augmenting the J value, irrespective of D, has also been presumed to maximize
DNP enhancement and minimize the deleterious nuclear depolarization effect under MAS,
including in our own studies.*?” However, this simplified assumption does not consider the
relative contribution of D and J. Notably, these two couplings are of different nature with
respect to the spatial orientations of molecules in a magnetic field. In this study, we share
our discovery that the interference between these two couplings has a huge impact on the
CE-DNP enhancement, as well as depolarization, emphasizing that an optimum balance

between D and J of the CE-inducing electron spin pair is critical for efficient DNP.

2. Theory

To understand the influence of J coupling on CE-DNP enhancement we use a theoretical
framework of MAS-DNP presented by Thurber et al. and Mentink-Vigier et al.*#1#2! These
studies used the Landau-Zener (LZ) model to explain the e spin dynamics relevant for CE-
DNP under MAS that renders the microwave (pw) induced transitions and the e spin-spin
(e-e flip-flop and e-e-n flip-flop-flip) transitions time-dependent. They are also termed rotor-
events, as the resonance conditions that lead to these transitions are time-dependent and
periodic with respect to sample rotation. According to the LZ model, the adiabatic transition

probability (P) at the energy-level crossing of two states is given by:

P(adiabatic) = 1 — exp(—7E?/E). (1)



Equation shows that P at the energy level-crossing is inversely proportional (decreases
with) to the energy-crossing-rate (F = dE/dt), and directly proportional (increases with) to
the magnitude of perturbation (FE;) that mixes the two states, assuming the perturbation
is small. In the present context, F; is dependent on the e-e coupling strength, and E is
dependent on the g-anisotropy (that scales with By) and the MAS frequency, v,.. Thus,
the probability of such rotor-event is proportional to the e — e coupling strength. Next, we

examine the expression for the e-e coupling Hamiltonian, Hp, ;:
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Close examination of the characteristics of Hp,; in Equation (2) shows that the inter-
ference between the dipolar and J couplings can arise from the anisotropic nature of the
e-e couplings. In the coupling Hamiltonian, the coefficient wp(t) is orientation dependent,
and is modulated in time between the range of [-D/2, D] due to sample spinning, where D
represent the dipolar coupling strength or amplitude. The time-dependent coefficient, wp(t),
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depends on the Wigner coefficient: G(m,0,).e , where the Fourier index m takes
the value of +1 and +2, and the angles 6 and ¢ define orientation. If D and J are close
in magnitude, the effective perturbation (E;) as reflected in the coefficient of the flip-flop
term in the coupling Hamiltonian (wp(t) +J) at the e-e rotor-events can diminish to a small
number compared to the rate of crossings E for many crystallite orientations; that in turn
can make the rotor-event transition diabatic or non-adiabatic in nature. Such rotor-events
leads to the equalization of spin polarization or a reduction in the polarization difference
between the two electron spins, which eventually results in lower DNP enhancements under

pw irradiation conditions, or in larger nuclear depolarization under pw off conditions. This

is because the amount of polarization transferred between the nuclear spin and the electron



spin in the CE mechanism is proportional to the difference in the polarization difference
between the two electron spins relative to the nuclear spin polarization, i.e., AP, oc AP,
Therefore, a key strategy to enhancing the CE-DNP efficiency is to maximize the probability
of obtaining a large effective coupling at the rotor-events (e-e and e-e-n) for the ensemble of

spins.

3. Quantum Mechanical Simulation Results

Experimentally, it is not possible to rationally design a series of radical in which the J and
D values are selectively and deliberately varied, while keeping all other spin parameters
constant. Therefore, we used advanced quantum mechanical simulations to first find the de-
pendence of CE-DNP enhancement on the sum, J+D and the ratio, J/D of these parameters
to clarify basic dependencies and principles. We will next compare our numerical results
derived by quantum mechanical simulations with previously published experimental results

on eight different polarizing agents (PAs) to test the viability of our discovery.

Simulation package

Density matrix simulations in Liouville space have already aided in the understanding of DNP
mechanisms, and even in the design of new radical archetypes as PAs. 22324 Here we em-
ploy the versatile Spin-Evolution package® to carry out these calculations. Spin-Evolution
can simulate the spin-dynamics of multi-spin system readily up to 11 spins, mimicking all
the essential experimental conditions such as sample-spinning, spin-relaxation, and all key
spin interactions including the pseudo-secular coupling interactions. Details on this com-
mercially available package can be found in the original paper by Veshtort et al.,*® in the
well maintained online resource (https://spinevolution.com/), as well as in several recent
publications from our own group that made extensive use of this simulation package for

DNP studies. 2022205280 AT] spin polarization values were calculated with respect to thermal



Boltzmann polarization of 'H nuclear spins.

Spin-system and parameters

Simulation parameters were primarily modeled on bis-nitroxides that have been the most

P18 Previous computa-

popular and commercially available polarizing agents for CE-DN
tional studies have suggested that tethered bis-nitroxides with nearly perpendicular g-tensor
orientations should exhibit maximum probability for CE-DNP.4#23 In our simulations, we
modeled a minimal three-spin system, e — e —! H, where the two e spins were chosen to have
perpendicular g-tensor orientations and a dipolar coupling of 36 MHz (corresponding to the
D coupling value reported for AMUPOL),*” unless mentioned otherwise. DNP enhancement
was measured as a function of J. All the other simulation parameters are given in the ESI,
section-A. We also modeled the case of a mixed radical displaying a superposition of a broad

and narrow EPR lines, as these are the most promising next generation PAs, especially for

efficient DNP at higher By and faster v,.203

Influence of J coupling on DNP Enhancement

In section 2, we describe the theory behind the existence of a possible interference between
J and D, leading to decreased DNP enhancement. Here, we demonstrate this phenomenon
using numerical simulation results. We first scrutinize two (randomly selected) bis-nitroxide
radical orientations in an external By (with g tensors of the two e spin perpendicular to each
other), and subsequently compute the powder-averaged ensemble properties. Figures|lp and
d show the temporal oscillations of the energy levels of the two electron spins participating in
CE under MAS during one rotor-period (7,.) for two select bis-nitroxide radical orientations
with respect to By. The degeneracy conditions are met when the two electron spins have
the same energy, as marked with vertical dashed lines, that also mark the time points for
the e-e rotor-events.™ Large e-e coupling at these rotor-events is key to achieving high DNP

enhancements. However, large coupling is hard to maintain at rotor events as e-e coupling



oscillates in time under MAS. The time-dependence of e-e couplings is illustrated in figure
for three different relative magnitudes of J over D, namely J/D of 0, 0.7 and 1. In the
case where only dipolar coupling is present (i.e. J/D =0), the wp(t) values at the two e-e
rotor-events during one rotor period are -23 and 12 MHz, respectively (at the intersection
of the dashed lines). The effective coupling at these rotor-events can be increased by adding
J which is an isotropic coupling, and therefore not oscillated by MAS. However, the value
of J should be carefully controlled to ensure that the magnitude of the effective couplings
at all e-e rotor events increases, and does not decrease. In the latter case, the addition of
exchange interaction J can bring the effective coupling at the rotor event close to zero, and
consequently, is detrimental to DNP. This detrimental effect is shown in figures [Ip: If the
added J coupling is close to 23 or -12 MHz, the DNP enhancement will diminish owing to
non-adiabatic transitions at either of the two rotor-events. This is reflected in the numerically
simulated 'H DNP enhancements as a function of J/D for the selected orientation (Figure
[k). The two dips at J/D = -0.35 and 0.7 are a result of the interference between the J and
D couplings. The analysis holds true in the other select orientation as well (Figure 1d-f).
This orientation gives rise to 4 e-e rotor-events leading to 4 possible deleterious interference
conditions that must be avoided in order to obtain consistently high DNP enhancements.
Note that different orientations may have different number of e-e rotor events that occur at
different time points with respect to the rotor-period. Taken together, any combination of J
and D that leads to deleterious interference should be avoided. So far, we have analyzed the
effect of J for select orientations to illustrate the interference effect between D and J. However,
a real sample will consist of all possible orientations simultaneously and an ensemble analysis
is needed.

In a powder sample, the spatial distribution of the anisotropic dipolar coupling is repre-
sented by a Pake pattern, at any given time point, during the rotor period. The coefficient,
wp, has a range of [-D/2, D], with maximum probability at -D/2 and minimum probability

at D. The addition of an isotropic J shifts the coupling distribution (wp + J), as illustrated



in Fig. . In an ideal case, adding J will increase the probability for larger overall (wp + J)
couplings (yielding J/D>1). However, a non-optimal J can increase the probability for small
overall (wp + J) couplings, as illustrated in Figure 2p for J/D=0.7 (red curve). The exact
interference pattern between J and D for a powder ensemble is (statistically) dependent on
the shape and range of the coupling (wp + J) distributions at the e-e rotor-events. Hence, a
simple analytical prediction of the deleterious regime for J/D cannot be generated from this
picture; especially as other factors such as the magnitude of the g-anisotropy, the relative
g and D-tensor orientations and the dipolar orientation of the electron-spins influence the
exact pattern of interference. We therefore have to find the interference regime numerically
for the ensemble.

The interference effect of J on the ensemble was modeled numerically by averaging the
DNP enhancement of many orientations. This is shown in Figure 2b. The DNP enhance-
ment (‘H-epyp) of the e — e —! H three-spin system was calculated as function of the J/D
ratio, displayed on the bottom z-axis and the J+D sum, displayed on the top z-axis. The
calculation was done at a By field of 18.8 T (800 MHz) at optimum pw irradiation conditions.
The pw frequency was set at a value corresponding to the 'H Larmor frequency apart from
that of the isotropic g value of a nitroxide radical (as in Figure . In the calculations, the
J/D and J+D values were modulated by varying J, while the D value was fixed to 36 MHz.
It is evident from the shape of the plot shown in Figure that the 'H — epnp enhance-
ment does not increase monotonically with increasing J+D. As already observed for select
orientations for the bis-nitroxide radical in Figures [Ic and f, a large dip is observed for the
powder-averaged DNP enhancement at a range of J/D values. Specifically at J/D=0.7, and
in general under the condition of 0.2 < J/D < 1, the CE-DNP efficiency was dramatically
attenuated for bis-nitroxide radicals.

The observed interference between J and D will exist independent of the sign of the
J coupling, since the dipolar coupling anisotropy takes both positive and negative values

owing to its (3cos?f — 1) orientation dependence (see ESI, Fig. S7). To present a more



complete analysis, we mapped the DNP enhancements for 230 individual bis-nitroxide ori-
entations (relative to By) for three different J/D values of 0, 0.7 and 1, while keeping all
other parameters constant (Fig. . The histogram distribution of the enhancements shown
in Fig. |3| clearly demonstrates that a J/D of 0.7 leads to strong interference for the majority
of bis-nitroxide orientations, and hence reduce the effective coupling (wp(t)+J) for a large
population of orientations. On the other hand, |J/D| >1 offers optimal DNP enhancements

for a large population of bis-nitroxide orientations.

Dependence of DNP on magnetic field and MAS frequency

The calculations discussed until now were carried out at a constant external magnetic field
(Bo) and MAS frequency (). We next calculated the DNP enhancement (*H-epyp) at three
different By fields of 9.4 T (400 MHz), 18.8 T (800 MHz) and 28.2 T (1.2 GHz) at an optimum
paw irradiation frequency. Clearly, the attenuation of 'H-epyp at J/D = ~ 0.7 is observed at
all fields, but the interference dip becomes more severe at higher By (Fig. ) Until now, all
enhancement values have been presented with respect to the nuclear Boltzmann polarization
under static conditions; and therefore the enhancements do not include depolarization.

To investigate the effect on depolarization, we calculated the relative NMR signal inten-
sity under MAS over that under static conditions in the absence of pw irradiation conditions
i.e YH-€gepo="H€spin.no jw/" H-Estatic.no - We found that the nuclear depolarization showed
a similar trend as DNP enhancement with respect to J/D (See ESI, Fig. S1). Tagami et
al. reported that AMUPOI can adopt a distribution of J values in solution, ranging from
approximately 12 to 60 MHz depending on the solvent and the sample temperature.? In an-
other study, Soetbeer et al. had performed multi-frequency EPR*! of AMUPOL in a frozen
glassy matrix, and reported the J and D coupling to be ~30 and ~36 MHz, respectively.

The J/D DNP dependence profile clearly shows that the reported J values for AMUPOL
is not optimal to achieve consistently high DNP enhancements, and is especially detrimental

at higher By. Let’s take J/D=0.83 from the Soetbeer et al. study“” as an example. This value



lies right on the boundary of the interference dip at 9.4 T, but falls into the interference dip
at higher By, >18.8 T. Therefore, the performance of AMUPOL should deteriorate severely
as By is increased from 9.4 T to 18.8 T. In fact, a recent study in the literature from Mentink-
Vigier et al. reports on dramatically decreasing 'H-epyp from 43 to 14 fold when going from
9.4 T (& v,=10 kHz) to 18.8 T (& v,=8 kHz), respectively,* corroborating our prediction.
According to equation [I a smaller perturbation, E; (or the effective coupling, wp(t) +J)
furthermore attenuates the LZ adiabatic transition probability for e-e-n CE rotor-events.
The effect of such interference increases at higher By due to an increased rate of the energy
crossings, E, according to Equation , which is owing to an increased g anisotropy with
increased By for the bis-nitroxide radical. Additionally, increasing the MAS frequency, v,
also increases E relative to E; (equation , rendering the interference between J and D
even more deleterious for CE-DNP. Figure dp shows the overlaid "H-epnp vs. J/D plots
for different MAS frequencies at 18.8 T, with all the other parameters held the same as in
Fig. 4a. Clearly, at faster MAS frequency, the interference between J and D becomes more
deleterious, causing a larger dip in the interference regime. We will next analyze the MAS
frequency dependence of radicals with different J/D values.

The numerical analysis demonstrated that maintaining an optimal balance between J
and D (J/D > 1), while ensuring that their sum, J+D, is sufficiently large in magnitude is
an effective strategy to maximize the CE-DNP efficiency. However, it is worth noting that,
the J coupling should not be too large. This is because a very large J will split the EPR
spectral density and reduce the advantageous ” self-chirping” effect of MAS that recruits a
much larger number of e-e pairs compared to CE-DNP under static conditions.*##% Also, a
large coupling above a threshold value can even abolish the electron polarization differential
between the CE-fulfilling electron spins due to homogeneous mixing between the electron
spin states fulfilling the CE conditions, which consequently leads to lower DNP effects.?
Using 2D optimization of the coupling and By (and v,.), we found that J/D in the range of

1.25 to 2.25 correspond to optimum values for a wide range of By and v, values. Furthermore,
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our calculations showed that very large J+D (compared with the nuclear Larmor frequency)
leads to attenuation of DNP enhancements. This can be seen by comparing the 'H-epyp
vs. J/D profiles for three different By: the 'H-epyp decreases as J/D is increased beyond
the optimum value (Fig. [dh). Still, '"H-epyp remains high as J/D is increased beyond its
optimum value for a significant range of J+D. In CE-DNP, the nuclear polarization is strongly
correlated with the polarization difference between the two electrons (AP,) participating in
the CE mechanism, as explained in the theory section. Expectantly, the AP, profile as a
function of the coupling parameter, J/D, takes a very similar shape as the 'H-epxp profile.
This is shown in ESI, Fig. S4. This further demonstrates that non-adiabatic transition at
the e-e rotor-events is the key reason behind the interference or dip observed in Figures 3

and 4.

4. Meta-analysis of Experimental DNP Data

Next, we examine correlations between our numerical analysis, and experimental DNP data.
We take this approach because the deliberate and separate tuning of D and J of PAs is
beyond the current state of the art of PA synthesis. We analyze published DNP data in
the literature of the most widely used biradicals for which J and D values are reported, and
mark their J+D and J/D values on our quantum mechanically simulated contour plot of
DNP enhancement as a function of J4+D and J/D. The aim is not to discuss the superiority
of one radical type over another with respect to J and D coupling. In fact, a fair comparison
is not possible, given uncertainties and/or unavailability in accurate J value distributions,
and given that other electron spin (radical) parameters (e.g. relaxation rates and relative
g-tensor orientations) are not held constant for each radical PA compared. In fact, our study
by Tagami et al. reported that AMUPOL and TOTAPOL exhibit a wide distribution of J
values due to the population of different molecular conformers.?Y This distribution depends

on the solvent and temperature. Therefore, different conformers would exhibit different
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interference between D and J, and thus the measured DNP enhancement would depend on
sample preparation and cooling methods.®”

The reported J and D coupling values and DNP enhancements in the literature for these
radicals are provided in Table 1. While TOTAPOL has negligible J coupling under typical
sample preparation conditions used for DNP experiments” yielding J/D = 0, TEKPOL has
a small J coupling close to the interference region with J/D = 0.16; both conditions lead to a
relatively low DNP performance. The J/D value in TEKPOL appears far from optimum, at
least for the reported J and D values. However, this is still one of the most commonly used
PA in organic solvents and /or for non-aqueous samples, showing a huge scope of development
opportunities for PAs in organic solvent. For AMUPOL, the sum J+D ~66 MHz is optimal,
but the relative J/D = 0.83 falls within the interference regime at high By, as discussed
earlier, and also shown in Fig. [bh. Optimization of the chemical linker or the functional
moieties in the AMUPOL molecule might still offer space for tuning the J/D values into the
optimum regime.“*3? Recently, the biradical ASYMPOL-POK" has been introduced by De
Paépe and coworkers. This radical is reportedly a high performing bis-nitroxide radical at
high By (18.8 T). Our calculations corroborate this observation with a J + D value of >
196 MHz and a J/D value of > 2.5 that is large enough to fall outside the interference limit
of |J/D| < 1. However, both J4+D and J/D values are larger than the required optimum,
which may be one of the reasons for its lower performance compared to the theoretical
maximum. Overall, the 2D plot (Figure [5h) shows that the performance of bis-nitroxide
radicals exhibit a strong correlation with the e-e coupling parameters, although electron
spin relaxation properties remains a major factor that also needs to be carefully considered.
Thus, fine tuning the vital parameters, including relative g-tensor, J+D, J/D and electron
spin relaxation rate in bis-nitroxides is essential for achieving high CE-DNP enhancements
across the relevant experimental regime for MAS DNP.

While bis-nitroxides are currently the most widely used radicals; tethered mixed radicals

are gaining in popularity. Significant effort has been made by various research groups in
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the development of tethered narrow (e.g. Trityl or BDPA) and broad line (e.g. Nitroxide)
radicals as mixed-radical or "hybrid-radical” systems. The mixed radicals have shown great
potential to maximize the CE-DNP enhancements at high magnetic fields, while simultane-
ously minimizing the depolarizing effect. Moreover, they require less pw power compared to
the bis-nitroxides.##340 Mixed-radicals are fundamentally different from bis-nitroxides for
two main reasons: (1) the isotropic g difference of the two electron spins yields a frequency
difference close to the ' H Larmor frequency that maximizes the CE probability, and (2) the
probability of saturating the narrower EPR line is greater, even at higher Bg.®®

The contour plots in Fig. map the expected 'H DNP enhancement for a mixed-
radical systems with varying J+D and J/D ratio at 18.8 T and 20 kHz v, (contour plots
for ' H depolarization with varying J+D and J/D is shown in ESI, Fig. S3.). It should be
noted here that given the asymmetry of the g-tensor, the interference pattern is different
in these mixed-radical systems compared to bis-nitroxide systems, and moreover is highly
dependent on the relative orientations of the interaction D tensor between the narrow and
broad-line radicals. Therefore, averaging over relative D-tensor orientations needed to be
included in our simulations presented in Fig. [Bk. The simulation results showed, again,
that the "H DNP enhancements display a dip for J/D <1, clearly visible around J/D =0.7.
However, the dips in enhancement are less severe compared to bis-nitroxides. This can
be more clearly seen in the horizontal trace in the ESI, Fig. S2. These dips are also
more prominent in the nuclear depolarization profile (ESI, Fig. S3). In the literature,
the mixed radicals have been assumed to exhibit negligible nuclear depolarization effect.
However, our analysis shows that this idea only holds when the e — e couplings are optimal.
Although the isotropic g-values are separated, the two e spins have partially overlapping
anisotropic g tensors. Under the condition of non-optimal J/D, there can be a large nuclear
depolarization effect with this radical system due to non-adiabatic e —e rotor events. Overall,
to achieve maximum DNP enhancement and minimal depolarization, J/D in the range of

1.25 to 2.25 is optimal. Too large J values split the narrow EPR line of the mixed radical,
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and hence diminishes the advantage of efficient EPR saturation. Again, finding an balance
between J and the magnetic field strength is key. Too small or too large couplings lead to
inefficient CE-DNP. This aspect has been discussed and showcased in the literature by Liu
and coworkers®® with trityl-nitroxide radicals, TNT and TNL, in which an overly large J of
TNT has been shown to be detrimental. In another series of study of Nitroxyl-Trityl mixed
biradical PAs by Bagryanskaya and coworkers, too high or too low J has again been shown
to lead to inefficient DNP. Their study of Nitroxyl-Trityl-14Y and Tr-Nf-NO®2 found that the
experimental enhancements did not strictly scale with J. We performed a 2D optimization
of J+D vs By for model mixed radicals, and showed that a J+D of around 1/10 of the
'"H Larmor frequency is optimal to achieve 'H-DNP at the optimum J/D (simulated data
shown in ESI, Fig. S5). A large J will split or broaden the narrower EPR line of the
mixed radical, and reduce the advantage of the high probability of pw saturation of this
narrow line that such a narrow line otherwise holds. This result highlights the crucial point:
striking a balance of J and D in mixed radical system is vital for its high performance. A
mixed radical that has recently garnered much attention, TemTriPol-1, has been reported
to exhibit a wide range of J/D due to molecular flexibility. We therefore place this PA on
our simulated map using its reported average coupling parameters, yielding J+D=83 and
J/D=2.7%" This places TemTriPol-1 at favorable conditions, which is consistent with its
promising performance as a water-soluble PA. Still, its reported performance is far below
the theoretical maximum (~ 7./71g). This underscores the huge scope left for continued

developments in the field of radical design as PAs for DNP.

Effect of MAS Frequency on optimal J: HyTek2 and AMUPOL

In the numerically simulated contour plot (Fig. 5c), one can recognize that HyTek2 should
be a highly successful radical in this category, as it corresponds to optimal DNP enhancement
regime with respect to the coupling parameters. This is in fact corroborated by literature

data reported on a high 'H DNP enhancement value of 140 at 18.8 T and under 10 kHz
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MAS conditions by Wisser et al.*! Furthermore, it was reported that the DNP enhancement
of the HyTek2 radical did not attenuate at a faster v,., but rather increase to 185 at v, = 40
kHz compared to ~130 at v, = 5 kHz. We can attribute this performance to its optimum
values for J+D and J/D of 78 and 1.78, respectively. We show simulated results in Fig.
that mapped the 'H DNP enhancement as a function of v, at 18.8 T for two conditions: (i)
optimal coupling (J+D = 80 MHz and J/D = 2, labeled as HyTek2) and (ii) non-optimal
couplings (J+D = 14 MHz and J/D = 0.67 and J+D = 80 MHz (labeled as TNL) and
J/D = 0.7). In the optimal range, high enhancements are maintained even under faster v,
conditions where F is larger, but the number of cross-effect pairs or CE rotor-events per unit
time (that is directly proportional to the spin rate) is also higher. The probability of the e-e
and e-e-n adiabatic crossing remains significant, as long as the magnitude of the effective
e—e couplings (E) is large compared to the energy-crossing rate (E). In fact the trend for
HyTek2, when using its reported D and J value, show that the 'H DNP enhancement is
predicted to increase by ~ 22% when increasing v, from 10 to 40 kHz, which is consistent
with the reported observation in the literature.}

This holds true even for bis-nitroxide, as illustrated in Fig. [5b. 'H DNP enhancement
vs. spin rate is plotted for for different J/D parameter, 0.7, 1.0, 1.5 and 0.83 (labelled as
AMUPOL). We suggest that it is the non-optimal J/D parameters that leads AMUPOL to
yield a large attenuation in the DNP enhancement at faster v,.. We assert that an optimum
balance between J and D coupling parameters can lead to a better trade-off between the
probability of CE per unit time and their adiabaticity. This in turn can maximize the DNP

performance at a given condition, as well as maintain it at very high By, as well as fast v,.

Effect of spin dynamics on the J and D interference

The DNP efficiency depends on a cornucopia of other spin dynamical and structural param-
eters such as (1) pw power, (2) Ty, relaxation, (3) inter-molecular e — e couplings, and (4)

relative e spin g-tensor orientations. We next analyzed a select number of these parameters
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in the context of the present study. The aim is to gain a general understanding of whether
the interference effect of J and D is relatively independent of these parameters. To this end,
we calculated the J/D profile for bis-nitroxides when the above parameters are varied, fixing
all the other parameters as chosen for Fig. Figure |§|a shows 'H-epnp vs. J /D for three
different pw powers. Clearly higher pw power leads to higher enhancement, but the interfer-
ence between J and D exists independent of the pw power. Similarly, while an optimum T,
is needed to attain optimal EPR saturation, even under effective EPR saturation conditions,
the J and D interference effect persists, as shown in Fig. [6b. Next, we analyzed the effect of
inter-molecular e — e couplings by extending ejesn spin system to ejesesn. Figure [6k shows
this effect as a function of e; — e3 distance (dipolar coupling). Previous studies have shown
that inter-molecular e-e coupling is deleterious to DNP enhancement.*! Our results show
that while inter-molecular coupling will decrease the overall DNP enhancement, it will not
affect the interference regime. At last, we examined the effect of variation in the relative
g-tensor orientation of the two e spins in bis-nitroxide radicals (note that simulations up to
here used perpendicular relative g-tensor orientations between the two e spins). Changing
the relative g-tensor orientation changes the timing of the e — e rotor events (its position
in time, transition probability and frequency). Nevertheless, the interference between J and
D remains a robust effect. Although, the exact J/D value where maximum interference is
observed may change with the relative g-tensor orientations, in general |J/D| <1 remains
deleterious. Overall, the analysis in Fig. |§| shows that the choice of J/D is probably the most
critical parameter to achieve effective CE DNP robustly, especially at high high By and fast

V.

5. Conclusion

In this study we present our discovery of the interference effect of e — e J and D couplings

in modulating CE-DNP, and a revised understanding of the role and effects of J and D on
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the CE-DNP performance. Using quantum mechanical simulations, we demonstrated that
non-optimum, |J/D| < 1, can severely impede the CE-DNP enhancement, even if the sum of
e—e coupling, J+D, is very large. The interference between J and D is even more pronounced
at higher By and faster MAS v, regimes. This also explains the reported lower performance
seen with many radicals used as PAs at the high By (e.g. 18.8 T'). The interference between J
and D can also aggravate depolarization. Of course, other spin dynamics parameters will also
influence the DNP performance, including various electron spin relaxation rates and other
EPR spectral properties.” The best strategy to mitigate the interference between J and
D is to synthesize radicals with ”Goldilocks” J/D values, numerically found to be between
1.25< J/D < 2.25. The idea is that a significantly large effective coupling, (wp(t)+J)
must be maintained across the powder orientation distribution, such that e-e and e-e-n
rotor events have high adiabaticity. Although higher J/D (> 2.5) will not directly interfere
with the CE-DNP efficiency, it still can distort the optimal EPR spectral density, which
in turn can minimize the constructive self-chirping effect of MAS. Our study also provided
a rationale for the high performance observed with TempTriPol-1, ASYMPOL-POK, and
in particular with HyTek2. Remarkably, the DNP enhancement when using HyTek2 has
been shown to increase with increasing By, as well as v,, which effect could be replicated
with quantum mechanical simulations. However, many of these promising radicals are not
yet commercially available, and some are insoluble in aqueous medium or unstable, limiting
their current application scope. We believe that our study offers a crucial guideline for the
design and synthesis of efficient and ubiquitous radical polarizing agents across a wide range
of experimental parameters, By and v, for CE-DNP. The synthesis of optimal radicals with
optimal chemical-linker, and functional moieties type might be aided by DFT calculations
to save time and resources. Also our previous study suggested that sample freezing methods
can play an important role in determining the population of molecular conformers with
optimal J parameter.?? Even if the design of radicals yielding optimal J and D values is not

straightforward, understanding that the most important criteria is not the maximization of

17



J+D, and that the interference between J and D exist, will already avoid investment into

deleterious directions. The search for optimum radical is hence still an ongoing endeavor.
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Table 1: Bis-nitroxide radicals and the reported J coupling, Dipolar coupling, and *H DNP
enhancement, incorporating the nuclear depolarization effect, under MAS (~8-10 kHz) at
the LN2 temperature, around 100K. Note that the exact experimental conditions might be
slightly different in each case. x Assuming a depolarization of 0.4, equivalent to AMUPOL.

Radical J+D (MHz) | J/D [epnp (Bo)] Reference
TOTAPOL | ~0+24.7=24.7 | ~0.0 33 (9.4 T) 21
AMUPOL 30+36=66 | 0.83 | 43 (9.4) 14 (18.8) |©
TEKPOL 5+30=35 | 0.16 2% (94 T) 7

ASYMPOL-POK | 140+56=196 | 2.5 |83 (9.4) 24 (18.8 T) [

Table 2: Mixed (narrow and broad-line) radicals and the reported J and D coupling, and 'H
DNP enhancement under MAS at the LN2 temperature.t This may have large depolarization,
although it is not measured/reported.

Radical J+D (MHz) J/D [epne (Bo)] Reference
TemTriPol-1 | (0-200)+23=23-223 | 0-10 | 60 (9.4 T) 51 (188 T) [2
HyTek2 | (30-70)+28=58-08 | 1.07-2.5 | 115 (9.4 T) 140 (18.8 T) P!
TNT 172+11=183 15.60 7 (18.8 T) =
TNL 5.4+8=13.4 0.67 10 (188 T)f 53
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Figure 1: Effect of J and D on DINP for individual orientation (a) Time dependent
energies of electron spins under MAS, using the spin-parameters of bis-nitroxides. (b) Time
dependent, Hp, ;(t) (e-e flip-flop Hamiltonian) during a rotor period for the same orientation
for three different J/D values. The dashed line marks the position of the e-e rotor event in
a and b. (¢) The DNP enhancement for the selected orientation as a function of J/D value
mimicking the experimental condition of 18.8 T field and 20 kHz MAS using 0.5MHz pw
nutation frequency. D was fixed to 36 MHz. T, of the two electron spins was set to 1 ms.
The colored dots correspond to the energy trajectories with varying J/D above. Subplots
d-f correspond to a-c for different powder orientation.
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Figure 2: Ensemble effect of J and D (a) Probability distribution of the flip-flop cou-
pling coefficient, wp(t) + J for different J/D ratio in a powder sample. Higher probability
corresponds to more spins with a given coupling coefficient at any given time. (b) 'H-DNP
enhancement vs. J/D (top axis) and J+D (bottom axis) for three different magnetic fields
using 0.8 MHz pw B; at 20 kHz spinning at 18.8 T. The simulations were performed using
e; — ea—H spin system, taking the g-tensors of the tethered nitroxide (e;)-nitroxide (es)
radical with perpendicular g-tensor orientations. D was fixed to 36 MHz. T;. of the two
electron spins was set to 1 ms.
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Figure 3: Orientation dependent DNP enhancement. Numerically simulated DNP
enhancement of 230 different orientations in a powder and a histogram distribution of their
DNP enhancement for three different J/D values, (a) 0, (b) 0.7 and (c) 1. The simulation
parameters are the same as in Fig. 2.
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Figure 4: Field and Spinning dependence. (a) 'H-DNP enhancement vs. J/D (and
J+D) for three different magnetic fields using 0.8 MHz pw B; at 10 kHz spinning. (b)
"H-epnp vs. J/D (and J+D) for different spinning frequencies at 18.8 T. The simulations
were performed using e; — es—1H spin system, taking the g-tensors of the tethered nitroxide
(e1)-nitroxide (ey) radical with perpendicular g-tensor orientations. D was fixed to 36 MHz.
T, of the two electron spins was set to 1 ms.
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Figure 5: Numerically simulated 2D profile and spin rate dependence. (a) 'H-
epnp for J/D and J+D at 18.8 T By, using 0.8 MHz pw B; and at 20 kHz spinning for
bis-nitroxide. (b) 'H-epyp vs. spin rate for bis-nitroxide with different coupling parameters.
(c) and (d) are analogous to (a) and (b) respectively for mixed radical systems. All the other
spin-parameters are provided in the ESI. The trace marked with dotted line in (a) essentially

maps the plot calculated in Fig. 1a.
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Figure 6: Numerically simulated J/D profiles for bis-nitroxide. "H-epnp vs. J /D for
varying (a) pw power, (b) Ty, relaxation rates, (c) inter-molecular e — e distance (couplings)
and (d) relative g-tensor orientation (g-f.,). The simulations were done at 20 kHz spinning,
with all the other spin-parameters same as Fig. 4a. In Fig. 6c¢, the the g-tensor of e3 (same
as other two e spins) and e; — e3 dipolar coupling were the additional interactions considered

in the simulations.
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