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J-driven Dynamic Nuclear Polarization (JDNP) was recently proposed for enhancing the sensitivity of 

solution-state nuclear magnetic resonance (NMR), while bypassing the limitations faced by 

conventional (Overhauser) DNP at magnetic fields of interest in analytical applications. Like 

Overhauser DNP, JDNP also requires saturating the electronic polarization using high-frequency 

microwaves –known to have poor penetration and associated heating effects in most liquids. The 

present microwave-free JDNP (MF-JDNP) proposal seeks to enhance solution NMR’s sensitivity by 

shuttling the sample between higher and lower magnetic fields, with one of these fields providing an 

electron Larmor frequency that matches the inter-electron exchange coupling Jex. If spins cross this 

so-called JDNP condition sufficiently fast, we predict that a sizable nuclear polarization will be created 

without microwave irradiation. This MF-JDNP proposal requires radicals whose singlet/triplet self-

relaxation rates are dominated by dipolar hyperfine relaxation, and shuttling times that can compete 

with these electron relaxation processes. This communication discusses the theory behind the MF-

JDNP, as well as proposals for radicals and conditions that could enable this new approach to NMR 

sensitivity enhancement. 
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I. Introduction 

Overhauser Dynamic Nuclear Polarization (ODNP) can enhance the sensitivity of solution state NMR 

by saturating an electron radical comixed with the sample of interest.[1-3] However, unless aided by 

the contact couplings that occasionally arise in the presence considerable electron delocalization on 

the target nucleus,[4-10] ODNP is only efficient at low magnetic fields.[11-16] High-field ODNP 

experiments based intermolecular contact couplings have thus been reported on nuclei like 31P, [17, 

18] 19F [4, 19] and 13C, [8, 20, 21]  However, in the most general and analytically-relevant cases such 

as those involving 1Hs, the electron and nuclei will interact solely through intermolecular dipolar 

coupling. In a system in which a radical interacts with the solvent only through dipolar coupling, the 

DNP efficiency decays rapidly with magnetic field B0. Indeed, typical 1H ODNP enhancements drop from 

a maximum of  ≈330x when Bo ≤ 0.4T, to ≈1.001x at the ≥7 T fields were contemporary NMR is 

done.[20, 22-25] The decreased efficiency of ODNP with magnetic field deprives solution NMR from 

the benefits that DNP has brought to solid state analyses.[26-29]  

We have recently discussed a possible way to bypass these solution-state limitations, based on what 

we denominate the J-driven DNP (JDNP) effect.[30] JDNP requires stable biradicals with identical 

monomers and an inter-electron exchange coupling Jex close to the electron Larmor frequency E. As 

the JDNP condition Jex≈±E is fulfilled, a difference between the relaxation rates for the two-electron 

singlet and triplet states which are dipolar hyperfine-coupled to nuclear  or  states can lead, upon 

electron irradiation, to a transient imbalance between these nuclear populations. This in turn leads to 

nuclear magnetization enhancement. The physics of the JDNP is reminiscent of that observed in 

chemically induced dynamic nuclear polarization (CIDNP)[31-36] –an experiment in which a laser or a 

chemical reaction will drive the system away from the thermal equilibrium. The main JDNP 

requirements are thus stable biradicals, an inter-electron Jex in the order of E, and an efficient 

microwave irradiation at the electron Larmor frequency. Many radicals groups could serve as the 

starting point for the synthesis of such biradicals whose Jex would reach 100s GHz.[37-39] Exchange 

couplings in the 90-290 GHz range, for instance, have been obtained by linking bistrityl-based radicals. 

[39]   

Electron saturation at such frequencies, however, is problematic in terms of microwave availability, 

sample heating, microwave penetration –and even the fact that exact Jex values are hard to predict or 

measure in solutions.  The present study discusses a shuttling-based proposal [40-44] that might 

bypass these limitations.  The ensuing microwave-free JDNP (MF-JDNP) approach proposes to polarize 

the nuclear spins by shuttling the sample between a lower and higher magnetic field.  Sample shuttling 

technologies have been used previously in DNP to enhance 13C signals in experiments involving optical 

pumped NV-centres in diamonds, as well as to increase the 1H and 13C high-field polarization after 

executing ODNP at low magnetic fields.[5, 41, 45] In the case of MF-JDNP we show that if either the 

starting or the final magnetic field in a two-field shuttling experiment fulfills the Jex ≈ ±E condition, 

nuclear polarization will be created. 

II. Spin systems and methodology 

This study’s calculations were performed using the Spinach software package [46] based on laboratory 

frame Hamiltonians, as no rotating-frame approximation with respect to the microwaves is a priori 

justified. The simulation code is provided in the Supplemental material. [47] For simplicity the electron 

g-tensors were assumed identical, axially symmetric and colinear, as would result from radicals joined 
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by a short, rigid linker; still, as in liquids these g-tensors could become non-colinear due to rotational 

and vibrational modes, the effect of g-tensor orientation on the enhancement is discussed in the 

Supplemental material. [47] The electrons’ relaxation and spin dynamics were described using the 

singlet and triplet basis sets suitable for this ω << Jex scenario. Spin population operators 

corresponding to the  and  nuclear components of these singlet and the triplet states were 

considered, and described using Vega’s fictitious operators notation.[30, 48, 49]  Three- and four-spin 

systems were considered, encompassing in all cases the aforementioned two-electron biradical plus 

protons. One of the protons was always assigned to a fluid medium, that would dynamically diffuse 

around the biradical as described below; this is the “solvent” 1H whose polarization enhancement MF-

JDNP is seeking, and which was assumed to interact with the electrons solely through dipolar (aka 

anisotropic hyperfine) couplings. Disregarding Fermi contact couplings is here justified by the fact that 

such protons would be located ≥5 Å away from the biradical’s main electron density. A second proton 

with spatial coordinates fixed vs the electrons was occasionally included; the purpose of adding this 

“radical” 1H was to evaluate the detrimental effect that a proton belonging to the biradical, will have 

on MF-JDNP’s ability to polarize the medium. Further details about the assumed systems are given in 

Table 1 

To investigate the physics behind the MF-JDNP, brute-force numerical simulations accounting for 

every self- and cross-relaxation term within the Bloch-Redfield-Wangsness (BRW) relaxation theory, 

[50-52] were implemented in the Spinach software.[46] Considering that the exchange coupling has 

the same order of magnitude as the electron Larmor frequency, these calculations incorporated into 

the relaxation superoperator a scalar relaxation of the first kind.[53]  According to Redfield’s relaxation 

theory, and for the conditions mentioned above, the singlet and triplet relaxation rates of a biradical 

with identical g-tensors will be dominated by the dipolar hyperfine interactions between the electrons 

and the surrounding protons.[30] The lifetimes (T1) for the 
, /T̂  

states will then vary strongly with the 

distance between the electrons and the protons: when 1Hs do not approach the biradical electrons to 

distance closer than 5 Å, these T1s extend into the ms range; [30] in the presence of “radical” protons 

sited ≤5 Å away from either of the electrons, these T1s drop to ≈100 μs (see Supplemental material for 

the relaxation rates predicted by Redfield theory as a function of these and other parameters [47]). 

This in turn posed the issue of how to estimate the relaxation behavior expected from two-electrons 

interacting with “solvent” protons, that can take a number of distances from the electrons. Figure 1 

presents the model used to reproduce the expected behavior.  Overall, we found that three regions 

can be distinguished for the behavior of this proton (vide infra). There is a “polarizing” region active 

when electron-nuclear distances are ca. 5-10 Å (labeled “A” in Fig. 1A), where the JDNP is active and 

also relaxation times shorten. Then there is an “outer” region happening when the 1H is ≥10Å away 

from the closest electron (labeled “B” in Fig. 1A), in which the nucleus will not undergo polarization 

effects, and electrons will only contribute to speed up the nuclear relaxation. This “B” region extends 

until the proton falls under the influence of another biradical, which for prototypical concentrations 

(<10 mM) will be sited some 30 Å away from the original biradical. Finally, there is a “close contact” 

region (labeled “C” in Fig. 1A) in which protons from the biradical itself reside, and which solvent 

protons will not be able to penetrate. In the case of a solvent proton, the nuclear spin will be diffusing 

randomly at ≈1 µm2/ms (i.e. ≈10-9 m2 s-1 diffusivity constant at 25 °C [11]), crossing several times in-

and-out regions in which JDNP is active and regions where it is not. To account for this in our 

calculations, a periodic box of size 30x30x30 Å3 centered on a biradical was therefore established, and 

a set of ten random walks in this 3D space were executed while counting how often the solvent proton 
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diffuses in and out between the polarizing (“A”) and non-polarizing (“B”) regions to which it was 

allowed. Figure 1B shows an example of such walks, which reveal that the mean occurrence of a 

nuclear spin is about 10% of its time within the polarizing region “A”, and the remaining 90% of its 

time in the “outer”, non-polarizing volume, region “B”.  To account for this constant interruption of 

the polarization process in simulations, we set up a randomized polarizing scheme where proton 

coordinates were constantly exchanged between regions “A” and “B”, with time steps of 1x10-6 s and 

9x10-6 s respectively.  Within each of these regions the total electron/nuclear spin ensemble was then 

allowed to relax according to Redfield’s relaxation superoperator theory [51, 52, 54, 55]; for the sake 

of simplicity the nuclear coordinates were chosen fixed in this exchange model, with values 

representative of what numerous random walks simulations yielded as average of the full volumes of 

the “A” and “B” configurations. Table 1 presents these prototypical proton and electron Cartesian 

coordinates, as well as additional parameters used to create the relevant spin Hamiltonian. Notice 

that no electron relaxation arising from inter-radical dipolar interactions are here considered; if 

present, these could be prevented by lowering the polarizing agent concentrations [11, 56].  

FIG. 1: Example of random walks undertook 

by a nuclear spin in a 3D box with size equal 

to 30x30x30 Å3, with a diffusion constant of 1 

µm/ms, corresponding to a random walk of 

10000 steps of 1 Å in 1 ms. Periodic boundary 

conditions were set to represent an infinite 

system in which the nuclear spin can get out 

from a side of the box and get in from the 

other. In the insert: Polarization region 

accessible by the solvent (violet region) 

surrounding the biradical (grey circles 

connected by a linker); A and B represent two 

protons’ configurations in and outside the 

polarization region, respectively, while C 

represents an intra-radical proton, the 

particles’ coordinates were given in the Table 

1. The code used to perform this random walk 

is provided in the Supplemental material.[47] 

Table 1: Biradical / protons spin system parameters used in the simulations. 

Parameter Spin system  
1H chemical shift tensor eigenvalues, [xx yy zz], ppm [5 5 5] 
1H chemical shift tensor, ZYZ active Euler angles, rad [0.0 0.0 0.0] 

Electron 1 g-tensor eigenvalues, [xx yy zz], Bohr 
magneton 

[2.0032 2.0032 2.0026] 

Electron  1 g-tensor, ZYZ active Euler angles, rad [0.0 0.0 0.0] 

Electron 2 g-tensor eigenvalues, [xx yy zz], Bohr 
magneton 

[2.0032 2.0032 2.0026] 

Electron 2 g-tensor, ZYZ active Euler angles, rad [0.0 0.0 0.0] 

1H coordinates [x y z] / Å  
 

“Solvent” 1H in region “A”: [1.27,1.61,2.26] 
“Solvent” 1H in region “B”: [15.46,10.05,-8.0] 

Radical proton in region “C”: [0.0 0.0 10.4] 

Electron 1 and electron 2 coordinates, [x y z] / Å  [0 0 -7.20] and [0 0 7.20],  

Rotational correlation time 𝝉𝐂 / ns 2.2 

Scalar relaxation modulation depth / GHz 1 

Scalar relaxation modulation time / ps 1 
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Temperature / K 298 
 

III. The MF-JDNP Effect 

While ODNP/JDNP propose to polarize nuclei by taking electron spins out of equilibrium via microwave 

irradiation, MF-JDNP attempts to polarize nuclei without microwaves. Instead, it exploits the 

temporary imbalance that will occur in the electron polarization, if samples are suddenly moved along 

the axis of a finite solenoid magnet. We hypothesize that if such non-equilibrated electronic spins 

encounter the JDNP condition, the resulting relaxation process will lead to an imbalance between the 

 and  nuclear components of the singlet and the triplet state – and in turn to NMR hyperpolarization. 

To explore this possibility numerous scenarios were envisioned; for simplicity we consider solely the 

one schematized in Fig. 2, where the sample is repeatedly shuttled between a high field where NMR 

measurements will be taken – for instance 14.1T, corresponding to a 600 MHz 1H Larmor frequency 

– and a field where the Jex≈±E condition is fulfilled – for instance 9.1 T, corresponding to a E ≈ Jex ≈ 

-255 GHz.[37-39]  Considering that contemporary pneumatic shuttling set ups can displace small 

samples with velocities of ≈40 m/s,[57] and that the distance between the two positions in question 

for the field profile of a conventional superconducting NMR magnet is about 35 cm,[41, 45] constant 

shuttling rates of ca. 0.25 T/ms were assumed.  

 

 
FIG. 2. Schematic description of the highlowhigh B0-cycling 

in MF-JDNP, in which the sample is shuttled n times at constant 

0.25 T/ms rates from a starting magnetic field to a lower field 

corresponding to the JDNP condition, and then back to the NMR 

field in which the measurement is performed.  
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FIG. 3: MF-JDNP performed according to the scheme in Fig. 2, with n=7 loops between an NMR field of 14.1 T, and a 9.1 T 

polarizing field fulfilling the JDNP condition. (A) Simulations assuming a three-spin system where the solvent proton 

exchanges between configurations “A” and “B” (Fig. 1). (B) Simulations assuming that the solvent proton was fixed in 

configuration “A”. In neither case were intra-radical protons positioned in “C” considered. Left-hand column: Time/magnetic 

field evolution of the nuclear enhancement, scaled over the thermal equilibrium value at each magnetic field. The black 

arrows indicate the JDNP condition; asterisks indicate NMR observation points.  Center column: Time/magnetic field 

evolution of the 
0 Z
ˆ ˆS N ,

0 Z
ˆ ˆT N and

Z
ˆ ˆT N states arising from the population imbalance between the  and  nuclear 

components of the singlet and triplet states; the sum of all these states corresponds to nuclear polarization scaled over the 

thermal equilibrium value at each magnetic field shown in the left-hand column. Right-hand column: Time/magnetic field 

evolution of the
0, /Ŝ  

,
0, /T̂  

and 
, /T̂  

states (straight/dashed lines, respectively) compared to their thermal equilibrium 

values (dotted lines, the  and  nuclear components are overlapped).  

Figures 3A and 3B show the consequence of the ensuing shuttling on the nuclear polarization for a 

three-spin system with parameters as given in Table 1, with and without assuming exchanges between 

proton configurations “A” and “B”, respectively.  The left-hand column in Fig. 3 shows the 

enhancements over the thermal nuclear polarization that will be achieved in each case from such 

experiment; the center column clarifies this further, by showing the fate of the various spin states that 

add up to the total nuclear polarization 
ZN̂  throughout the process. The right-hand column 

summarizes the physics of these events, by depicting the differential behavior of the various 1, /T̂   , 

0, /T̂    and 0, /Ŝ    operators describing the triplet and singlet electronic coupled to the  nuclear 

spin states.  

At the crux of the proposal lie shuttling speeds that, even if leading to magnetic field change rates that 

are still considerably slower than the Redfield relaxation rates of the electronic triplet states, are 

sufficiently fast for taking these states slightly out of the thermal equilibrium. These perturbances are 

illustrated in the right-hand column of Fig. 3, which compares the actual values of the above-

mentioned states (with the straight and dashed lines representing the nuclear  states) vs their 

thermal equilibrium values (dotted lines). As these perturbed systems reach the JDNP condition, 
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spectral densities reignite cross-relaxation processes between the 
1, /T̂  

 and 
0, /Ŝ    states, which at 

other fields were too inefficient due to the large energy gap introduced by Jex. The rates of these cross-

relaxation processes depend on the 1H spin state, resulting in a temporary imbalance between the  

and  nuclear components associated to the triplet and –in particular– to the singlet states. The 

process that leads to this imbalance can be appreciated from Eqs. S1-S5 in the Supplemental material, 

[47] which represent the relaxation rates of the of the  and  nuclear components of the electronic 

singlet and triplet states. These equations predict that for the symmetric biradicals being here 

considered, singlet self-relaxation rates will be dominated by the    2

HF ex E N30 J J      term 

for 
0,Ŝ  , and by    2

HF ex E N30 J J     for 
0,Ŝ  , where the 2

HF  is the second rank norm 

squared arising from anisotropies associated to the difference between the dipolar hyperfine coupling 

tensors between the protons and the two electrons, and E , N are the electron and the nuclear 

Larmor frequencies. A negative ex EJ   thus leads to 0, 0,
ˆ ˆS SR R 

     
   

, while a positive

ex EJ    leads to 0, 0,
ˆ ˆS SR R 

     
   

. In either case a difference between the self-relaxation 

rates of  
0,Ŝ  and 

0,Ŝ  leads to a population imbalance – and hence the creation of a transient, net 

nuclear magnetization enhancement. Such imbalance is reflected by the creation of 0 Z 0, 0,
ˆ ˆ ˆˆS N S S  

, 0 Z 0, 0,
ˆ ˆ ˆ ˆT N T T    and Z , ,

ˆ ˆ ˆ ˆT N T T      states (Fig. 3, central column), and therefore by an overall 

nuclear magnetization enhancement given by  Z 0 Z 0 Z Z
ˆˆ ˆ ˆ ˆ ˆ ˆ 2N S N T N T N   .  

The enhancement predicted by this repeated shuttling is relatively isotropic [30]; it is maximized each 

time the JDNP condition is fulfilled, but begins to decay as the sample departs from this condition. This 

explains the oscillations displayed by 
ZN̂  with the shuttling; oscillations which are magnified further 

when considering the equilibrium nuclear polarization at each field (Fig. 3, left-hand column). Still, as 

the field where the JDNP condition is maximal will in general not correspond with a traditional NMR 

observation field, the MF-JDNP approach assumes an additional shuttling back to the homogeneous 

14.1 T field region for a conventional NMR observation. While lowering the enhancement that could 

be achieved if remaining at the JDNP condition, a significant NMR enhancement is still predicted. It is 

also enlightening to compare Fig. 3A, which assumes that the nuclear spin can diffuse in-and-out of 

the polarization sphere, with Fig. 3B which assumes the spin spends all of its time in the polarizing “A” 

region. In the latter case, the shuttling leads to a clearly higher initial JDNP effect; however, the faster 

spin relaxation characterizing these electron-proximate nuclei, also leads to a rapid loss of this nuclear 

enhancement as the sample travels to the NMR-detection field.  By contrast, the buildup in the former 

case is slower, but builds up to higher final values upon looping. It appears, therefore that diffusive 

processes end up having positive effects on the proposed scheme. 

The aforementioned predictions assumed a three-spin system; Figure 4A shows the expectations 

arising from MF-JDNP if considering a four-spin system, which includes the presence of an intra-radical 

proton residing (without exchange) in region “C”, that is dipole- and scalar-coupled to the electrons. 

The addition of this 4th spin will decrease the enhancement of the “solvent” 1H by ca. an order of 

magnitude, as most of the electron polarization imbalance created by the shuttling is now captured 

by the proton that’s closer to the biradical. At the same time, this ca. 80-fold polarization 
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enhancement of the intra-radical 1H will also be lost quickly, due to the high self-relaxation rates 

induced by the nearby electrons. On the other hand, replacing the intra-radical proton by deuterium 

leads to an increase of the radical's T1 [58] and reinstates a sizable enhancement (Fig. 4B, blue line) –

even if it is still ≈40% smaller than in the absence of any radical-based nucleus.  

 A final, important ingredient that may define the success of failure of the MF-JDNP strategy, concerns 

the presence of additional electronic spin-lattice relaxation processes; in particular, of relaxation 

mechanisms other than those treated by Redfield model. For example, both for the case of trityl- and 

of nitroxide-based monoradicals (and presumably for their biradicals as well), vibrational modes 

coupling the spins with orbital angular momenta fluctuations, are known to lead to substantial 

decreases in the electron spin relaxation times.[58]  The magnitude of these relaxation rates can be 

high, reaching into   1̴04 and   1̴06 Hz for trityls and nitroxides, respectively.[59-61]  Further, these 

effects are at the moment virtually impossible to calculate accurately from first principles –even if 

they can be inferred from vibrational measurements.  These vibrational modulations may or may not 

interact with a biradical’s singlet state, but will in all likelihood lead to significant changes in the 
, /T̂  

’s relaxation times, bringing them down to the ≈μs range (see Supplemental material for more details 

[47]). This could profoundly affect the MF-JDNP experiment, as illustrated in Fig. 4B for the case of a 

four-spin system that is now affected by vibrations-driven relaxation modes whose magnitude were 

estimated based on reports for monotrityl radicals.[58, 60, 61] Not surprisingly, the addition of such 

strong competing relaxation mechanism will cancel out almost entirely the polarization enhancement 

effects in the solvent expected from the MF-JDNP methodology (Fig. 4B, violet trace). 

FIG. 4: Expectations of MF-JDNP experiments performed according 

to the scheme in Fig. 2, with three high-low-high B0 shuttling 

repetitions. All plots show time/magnetic field evolution of the 

nuclear enhancement over the thermal equilibrium value. The black 

arrows indicate the JDNP condition, asterisks indicate potential NMR 

observation points. (A) Predictions for a four-spin system including a 

fixed intra-radical proton (the electron - proton scalar coupling was 

set to 1 MHz) and a diffusion “solvent”. (B) Idem, but after replacing 

the intra-radical proton by a deuterium (blue line) but including an 

ad hoc term in the Redfield relaxation superoperator, applied only to 

the electron longitudinal states, representing a 6x104 Hz local-

vibrations-driven contribution to the relaxation modes (violet line). 

IV. Discussion and Conclusions  

This study explored the possibility of combining the 

JDNP effect that will spontaneously transfer electron 

polarization to nearby nuclei under Jex≈±E conditions, 

with rapid sample field cycling.  Exchange couplings in 

the order of several GHz have been reported for a 

number of biradicals using monophenyl, biphenyls and 

acetylene linkers.[39, 62-64] Pure hydrocarbon 

biradicals created using these linkers are expected to be 

conformationally rigid,[64] leading to a Jex value that will 

remain constant during the JDNP nuclear polarization 

build-up (while modulation of Jex due to putative 

conformational dynamics will not lead to shortening in 
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the electrons state relaxation rates), thereby enabling the JDNP experiment.[65] The question now is 

how to use JDNP’s potential, for enhancing NMR sensitivity at high magnetic fields without microwave 

irradiation. MF-JDNP could achieve this, by exploiting shuttling rates of ≈T/ms in order to create a 

sufficient disturbance in the electron polarization; only under such conditions, will an out-of-

equilibrium situation be created in the absence of microwaves. Then, as the sample is cycled through 

fields that include fulfillment of the JDNP condition, nuclear polarization is spontaneously created. The 

present study assumed a lower-field JDNP condition and shuttling back to higher field for NMR 

measurements; alternatives providing comparable nuclear enhancements while shuttling from lower 

NMR to higher JDNP-fulfilling fields, can also be devised. All the scenarios that were here analyzed 

involved radicals whose electron relaxation times were dominated by dipolar hyperfine relaxation, 

and singlet and triplet’s T1s comparable to the shuttling times. Notice that, as further discussed in the 

Supplemental material, [47] these triplet and singlet relaxation rates can be orders-of-magnitude 

smaller than longitudinal T1 electron relaxation rates –which reach in excess of ≈106 Hz in biradicals at 

any magnetic field.[60] The presence of intra-radical protons can affect these rates and decrease the 

nuclear hyperpolarization of the solvent; however, this can be largely restored if the former are 

substituted by deuterons. Eventually, however, the presence of very strong competing relaxation 

mechanism like those stemming from local vibrational modes – in the case of trityls, arising from the 

stretching of the C-S bond in trityl radicals – might shorten further the lifetimes of the above-

mentioned states, eliminating the MF-JDNP effect altogether. These effects will arise from the mixing 

between spin and orbital angular momenta, as driven by spin-orbit coupling (SOC). Although 

detrimental for MF-JDNP, these SOCs can be suppressed by eliminating the heavy atoms (heavier than 
19F) from the biradical structure, thereby restoring sufficiently slow electron relaxation rates to 

support MF-JDNP. [56, 66] Alternatives to bypass such electron relaxation mechanisms competing 

with Redfield relaxation are also important in spintronics, and therefore actively being sought.[56] 

Additional electron relaxation mechanisms might arise due to vibrations and collisions with 

surrounding diamagnetic molecules;[67] however, these processes are not expected in biradicals that 

make weak intermolecular interactions with the solvent. The MF-JDNP experiment might thus be 

realized using deuterated carbon-centered hydrocarbon radical centers free from heteroatoms, linked 

by mono-phenyl or acetylene units.[64] From an instrumentation standpoint current shuttling 

technologies could enable field disturbances on the order of ~0.25 T/ms, [41, 45] sufficient to enable 

the MF-JDNP effect. Tests based on these chemical and technological systems are currently in 

progress.  
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