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Abstract

The discovery of a truncated cross-effect in dynamic nuclear polarization (DNP) NMR that has the 

features of an Overhauser-effect DNP (OE-DNP) is reported here. The apparent OE-DNP, where 

minimal μw-power achieved optimum enhancement, was observed when doping Trityl-OX063 

with a proline nitroxide radical that possesses electron withdrawing, tetracarboxylate substituents 

(tetracarboxylate-ester-proline or TCP) in vitrified water/glycerol at 6.9 T and at 3.3 to 85 K, in 

apparent contradiction to expectations. While the observations are fully consistent with OE-DNP, 

we discover that a truncated cross-effect (tCE) is the underlying mechanism, owing to TCP’s 

shortened T1e. We take this observation as a guideline, and demonstrate that a crossover from CE 

to tCE can be replicated by simulating CE of a narrow-line (Trityl-OX063) and a broad-line (TCP) 

radical pair, with a significantly shortened T1e of the broad-line radical.
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Dynamic nuclear polarization (DNP) is an important adjunct to nuclear magnetic resonance 

(NMR) to overcome its intrinsic insensitivity.1–6 DNP enables magnetic resonance studies of 

a broad range of applications that would be infeasible otherwise, even at the highest 

available magnetic field. DNP exploits microwave-induced polarization transfer from 

unpaired electrons to nuclear spins, while three distinct DNP mechanisms are of main 

relevance: solid-effect (SE), cross-effect (CE), and Overhauser-effect (OE). Of these DNP 

mechanisms, SE and OE are straightforward to conceptualize, as they involve the direct 

transfer of polarization from an electron to a hyperfine-coupled nucleus. The optimal SE 

condition requires microwave (μw) irradiation at the forbidden electron-nuclear (e – n) 

double-quantum (DQ) and zero-quantum (ZQ) transitions.7,8 The condition for OE is very 

different in that it requires w irradiation at the allowed single-quantum (SQ) transition as 

well as dynamics that render the e – n ZQ and DQ cross-relaxation rates different. The CE 

mechanism involves two coupled electrons for transferring polarization to an unequally 

coupled nucleus.9–12 The CE condition in an e – e – n spin system is fulfilled when the 

difference in the resonance frequencies of the two electron spins equals the nuclear Larmor 

frequency.

An important focus in DNP has been on optimizing the paramagnetic polarizing-agent and 

solvent to yield maximum DNP enhancements under different mechanisms.13–21 However, a 

rational understanding of the effect of the radical or radicals mixture, solvent, temperature, 

and magnetic fields on the DNP efficiency and mechanism is still elusive. The SE and CE 

are the most prominent DNP mechanisms in non-conducting solid-state samples. In contrast, 

the OE mechanism has been thought to be relevant only in conducting-solids or liquids, 

where electron spin-diffusion and molecular-tumbling motion can provide rapidly 

fluctuating hyperfine-couplings, causing efficient e – n ZQ or DQ cross-relaxation.1,2 

However, contrary to expectations, Can et. al.22 recently reported on an unexpected 

observation of OE with the non-conducting, narrow-line, polarizing-agent, 1,3-

bisdiphenylene-2-phenylallyl (BDPA)23 dispersed in polystyrene and with sulfonated-BDPA 
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(SA-BDPA)24 in a glassy d8-glycerol/H2O/D2O (6:3:1, v/v/v) matrix termed DNP-juice, at 

~100K and at magnetic fields between 5 and 18.8 T. This discovery of OE in insulating-

solids is considered pivotal for the prospect of DNP in high magnetic fields, owing to the 

low μw-power requirement of OE and the potential field-independent DNP efficiency. 

However, the underlying relaxation mechanism in insulating solids is unknown, and 

therefore the mechanistic basis for the OE in insulating solids is inconclusive. This makes 

the discovery of OE in insulating-solids by Can et. al. unexpected and exciting. Even more 

curiously, reports of OE-DNP mechanism in non-conducting SA-BDPA have been made by 

Bodenhausen and coworkers at temperatures as low as 1.2 K under static conditions and at 

6.7 T,25 while there is no obvious physical basis for the occurrence of fast e – n fluctuations 

near the electron Larmor frequency under these experimental conditions. Recent work by 

Pylaeva et. al.26 discusses possible mechanisms for the observed OE in BDPA on the basis 

of molecular dynamics and spin dynamics simulations, but a rigorous experimental proof 

does not exist to date.

Counter to the proposed theory26 and our own expectations, we observed very similar strong 

OE features with Trityl-OX063 (OX063) when doped with equivalent amounts of 

tetracarboxylate-ester-pyrroline (TCP) nitroxide radicals27, a nitroxide radical that possesses 

electron withdrawing, gem-dicarboxylate ester substitutes, across a wide range of 

temperatures in DNP-juice. This intriguing discovery further showed that varying the solvent 

from DNP-juice to DMSO changed not only the DNP efficiency, but also the apparent DNP 

mechanism from OE to CE in hitherto unknown ways.

The structures of OX063 and the TCP radicals (TCP1 and TCP2) investigated here and their 

simulated EPR spectra at 6.9 T are shown in the SI (Fig. S2–3). From our preliminary 

testing, both TCP radicals display similar EPR parameters and DNP properties (SI, Fig. S3–

5). The results shown here are mainly that of TPC2. This letter reports on a series of 

experiments and quantum mechanical calculations of the DNP mechanism that yield a 

rationale basis for the apparent OE observed with OX063-TCP mixtures in DNP-juice.

The DNP frequency-pro le is indicative of the underlying DNP mechanism and the optimum 

conditions.6,9,28–30 Figure 1(a) shows the DNP frequency-pro le of a mixture containing 15 

mM TCP2 and 15 mM OX063 in DNP-juice at 4 K. Significant 1H DNP enhancements were 

observed at the μw irradiation frequencies of ~193.3 GHZ, ~193.6 GHz and ~193.9 GHz. 

Clearly, the enhancements at 193.3 GHz and 193.9 GHz are ±300 MHz apart from the 

OX063 center-frequency, and correspond to conditions for SEZQ and SEDQ DNP, 

respectively. The enhancement at 193.6 GHz was a priori assigned to OE as it corresponds to 

OX063’s center-frequency at 6.9 T. Observing OE around this frequency was not only 

unexpected, but also initially inexplicable, and therefore will be dubbed as OE* (till the time 

its actual origin is proven later), with the * denoting an apparent OE. Surprisingly, no visible 

features of DNP resulting from TCP2 in DNP-juice appeared in the observed frequency-

profile.

The DNP frequency-profile was also measured for the same OX063-TCP2 mixture in 

DMSO. Adding to the OE* conundrum, the frequency-pro le in DMSO displayed a 

diametrically different frequency envelope compared to DNP-juice, revealing a dominant CE 
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mechanism. The positive and negative maximum enhancements were observed at ~193.6 

GHz and ~193.9 GHz, respectively (Figure 1(b)). The separation of these maximum peak 

positions by 300 MHz is consistent with CE between OX063 and TCP2, while the broader 

features are presumably due to CE between two TCP2 radicals, where a range of electron 

spin pairs at different μw-frequencies fulfill the CE conditions. The presence of the OE* 

mechanism in DMSO cannot be ruled out, since the optimum frequency for the OE* (in 

DNP-juice) coincides with the peak resulting from TCP2-OX063 CE. At 193.6 GHz 

(optimum for OE*), enhancements (NMR signal intensity ratio: μw-power on/of f) of ~31 

was observed for TCP2-OX063 in DNP-juice and ~139 in DMSO, both at 4 K with 120 mW 

μw-power and 60-s irradiation.

Next, the radical mixture composition was investigated to achieve optimum OE* 

enhancements in DNP-juice (at 4 K, 120 mW μw-power, 60-s μw-irradiation). The DNP 

frequency-profile of a series of TCP2/OX063 mixtures were recorded, where the OX063 

con-centration was fixed at 15 mM and the TCP2 concentration varied from 0 to 60 mM 

(Figure 2(a)). All frequency-profiles were normalized with the optimum SEDQ enhancement. 

The DNP frequency-pro les show OE* enhancements only with TCP2 doping, in addition to 

SE enhancements at 193.3 and 193.9 GHz. The absolute OE* enhancement and its relative 

efficiency with respect to SEDQ, εOE*/εSEDQ, are plotted in Figure 2(b). They show that an 

increase in the TCP2 concentration leads to an increase in the OE* enhancement up to 30 

mM, after which it plateaus with increasing TCP2 concentration (and slightly decreases at 

60 mM). For all the following investigations, the radical composition was fixed to the 

optimum composition of 15 mM OX063 and 30 mM TCP2.

The DNP power-curve (enhancement vs. μw-power) at the OE* frequency showed that the 

maximum enhancement (at 60 s μw-irradiation) was reached at merely 7 mW of μw-power, 

as shown in Figure 3(a). Remarkably, 90% of the maximum enhancement was achieved with 

minuscule (4 mW) w-power, further corroborating the signature properties of OE. In stark 

contrast, the optimum-power for SE-DNP enhancements could not be met by even 120 mW 

of μw-power. At low μw-power, the OE*-derived enhancement was higher by 16-fold 

compared to the SE-derived enhancements. At higher w-power (>70 mW), the SE began to 

dominate over the OE* (at 4 K). Impressively, the low-power requirement to saturate the 

OE* resonance was observed even at higher temperatures of 10 and 25 K, and at low TCP2 

concentrations (5 mM), indicating that the OE* effect is not power limited under the tested 

conditions (SI, Fig. S7). The OE* phenomenon was observed across all the temperatures, 

from 3.3 to 85 K (SI, Fig. S6). The temperature dependent DNP-measurement showed a 

sharp increase in OE* enhancement below 5 K, indicating the pivotal role of electron 

relaxation in the OE* phenomenon, given that its saturation can be ruled out as a limiting 

factor.

Scrutinizing the OE* discovery, we first compare our results with reported OE studies of 

BDPA in the literature. Can et. al. attributed the absence of OE in OX063 and perdeuterated-

BDPA (d21-BDPA) to the absence of strong e – H couplings.22 In our case, OX063, all 

hydrogen atoms in the aromatic rings joined directly to the carbon radical center are 

purposefully substituted to remove the influence of large e – H hyper ne-couplings.14 The 

study by Pylaeva et. al.26 further proposed that fluctuations in the electron spin-density in 
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BDPA results from conjugation in the carbon-radical position, leading to hyper ne-couplings 

fluctuations. Ji et. al.25 hypothesized that stochastic motions at low vibration frequencies can 

be a source of non-zero spectral-density at the electron resonance frequency leading to 

cross-relaxation, effective at low temperatures. Hyperfine-coupling fluctuations due to 

conjugation would not be a plausible mechanism for OX063, as its radical-center is fixed. 

Therefore, OX063 does not meet any of the hypothesized requirements (strong e – n 
coupling and conjugation) for exhibiting OE in the pure or doped-state. Equally peculiar is 

our observation that OE* is turned on/off with the choice of the glassing solvent. Although 

the results duplicate the apparent properties of OE-DNP observed in insulating-solids, it 

does not meet the proposed theoretical basis.

Solving this OE* riddle requires scrutiny of the electron spin dynamics. This was enabled 

with unique instrumentation, which allowed for EPR measurements, polarization-profile, 

and electron-relaxation times under the relevant DNP conditions.31 The echo-detected T1e 

relaxation rates were measured at the frequencies corresponding to OE* and SE transitions. 

The T1e of pure OX063 in DNP-juice was found to be ~16 ms, which shortened to ~4 ms 

upon addition of 30 mM TCP2 (Figure 3(b)). Crucially, the T1e of TCP2 in DNP-juice was 

too short to be detected which was also attributed to very short Tm, while T1e of TCP2 in 

DMSO was significantly longer (~17 ms). This hints at clustering32,33 of TCP2 in DNP-

juice. This was confirmed by CW X-band EPR, where signatures of dipolar broadening were 

observed for TCP2 in DNP-juice, but not in DMSO (SI, Section2). That the T1e of OX063 

and/or nitroxide radicals are so critically solvent and mixture-dependent was unexpected, 

showcasing the need to evaluate T1e at the precise experimental DNP conditions. Tabulated 

T1e values and further discussions on T1e with respect to literature can be found in the SI.

Further insight was gained with electron-electron double resonance (ELDOR) that measures 

how EPR saturation or polarization at one frequency is transferred to another frequency. In 

the ELDOR-pro le shown in Figure 3(c), the electron detection/probe frequency was set to 

that of the OX063 center, and the saturating/pump frequency was scanned from 193.5 to 

193.75 GHz with 120 mW power at 4 K. The ELDOR-pro le showed that μw-irradiation 

resonant with TCP2 did not affect the OX063 resonance. This is consistent with the very fast 

relaxation of TCP2 in DNP-juice, which prevents it saturation by μw. Also, the hole burnt at 

the OX063 frequency narrows upon addition of TCP2, consistent with the shortening of 

OX063’s T1e upon doping with TCP2, especially with clustered TCP2 in DNP-juice.

Inspired by the observed EPR results, we quantum mechanically simulated the DNP 

frequency-pro le for a narrow radical (e1-OX063) and a broad radical (e2-TCP2), unequally 

coupled to a proton in an e1 – e2 –1H system. Mimicking the slow-fast relaxation rate 

combination observed in DNP-juice, T1e of e1 and e2 were set to 4 and 0.01 ms, respectively. 

The DNP simulation was performed using Spin Evolution, a software package for spin 

dynamics simulations.34 All relevant details of the simulation are provided in the SI. 

Remarkably, we could replicate the experimental 1H enhancement frequency-profile of the 

OX063-TCP2 mixture. A positive maximum enhancement is observed at the OX063 center-

frequency, as well as ±300 MHz apart from the OX063 center, representing the SEZQ and 

SEDQ conditions. Clearly, the OE* feature is observed, even though the cross-relaxation 

mechanisms are turned off, i.e. the mechanistic prerequisites for OE are eliminated. This 
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shows that the observed OE* is just a truncated CE (tCE) induced by conditions when one 

of the two electron spins involved in the CE has a very short T1e. The CE relies on the 

selective saturation of one of the coupled electron spins. Thus, irradiation of the slower 

relaxing, “easy to saturate”, electron spin (e1) (193.6 GHz in Fig. 4(b)) will lead to an 

effective polarization transfer to the nucleus. In contrast, irradiation of the very fast relaxing 

electron spin (e2) will not result in electron saturation, and thus no appreciable polarization 

differential. Consequently, the CE polarization transfer will be truncated at the EPR 

frequencies resonant with the fast relaxing radical, TCP2 in this study.

In summary, this letter reports on the discovery of a truncated cross-effect (tCE) that has the 

appearance of an Overhauser-effect DNP. Such an effect was observed when doping OX063 

with the nitroxide based radical, TCP2, in vitrified water/glycerol. The mechanistic basis for 

this astonishing effect was found to be a substructure of the CE mechanism defined by 

distinct electron spin dynamics properties of fast and slow relaxing radicals. The puzzling 

OE* or the tCE mechanism can be replicated by quantum mechanical simulations with a 

mixed radical system, where the two radicals maximize the EPR spectral overlap to fulfill 

the CE conditions, while one radical type is easily saturated, but not the other, due to very 

short T1e. This discovery is potentially important in many different ways, one of which is the 

prospect of the tCE serving as an indirect read out of “dark” (or invisible) electron spins 

that, despite being undetectable, elicit a tCE by means of a detectable reporter radical. The 

OE characteristics may be a spurious effect owing to its similarity with the tCE, and 

therefore, probing the electron spins dynamics will be the ultimate test of the underlying 

mechanism, and not just analysis of the DNP frequency- and power- pro les.35,36 We also 

clarify that our study cannot address the mechanistic basis of OE in BDPA, as it is 

impossible to differentiate between OE and tCE (OE’ s doppelgänger ) in the case of BDPA 

with the present level of theoretical understanding, and the currently available experimental 

methods. Accordingly, we opine that the proposed theory of OE in BDPA as well as the 

herein discovered tCE in doped OX063 can stand in parallel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
DNP frequency pro les of 15 mM TCP2 – 15 mM OX063 mixture at 4 K in (a) DNP-juice; 

(b) DMSO. DNP frequency-profiles were obtained by measuring 1H DNP signal 

enhancement as a function of μw irradiation frequency which was swept from 193.2 GHz to 

194.1 GHz, with 120 mW μw-power and 60 s irradiation time. The 1H enhancements 

displayed were normalized by the maximum absolute value.
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Figure 2: 
(a) TCP2:OX063 ratio optimization for maximum OE* enhancement at 4 K in DNP-juice 

using: 60 s μw irradiation time and 120 mW μw-power. OX063 concentration was fixed to 

15 mM. All the pro les are normalized to the corresponding SEDQ enhancement number. (b) 

Absolute OE* enhancement is plotted on the left y-axis and εOE*/εSEDQ ratio is plotted on 

the right y-axis for different radical concentrations.
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Figure 3: 
(a) DNP power saturation experiments of 15 mM OX063 30 mM TCP2 mixture in DNP-

juice recorded at 4 K with μw-power varied from 0 to 120 mW and 60 s μw-irradiation. The 

μw-frequency was fixed at the optimum conditions for SEZQ (green), OE* (red) and SEDQ 

(blue), respectively. (b) T1e of pure OX063 (black) and TCP2-doped OX063 (red) at 4 K. (c) 

ELDOR of pure OX063 (black) and TCP2-doped OX063 (red) at 4 K.
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Figure 4: 
(a) Simulated 1H DNP enhancement as a function of μw irradiation frequency, for a e – e–1H 

spin system at 300 MHz conditions. (b) Polarization measurements of the two electrons 

under the DNP conditions of figure 1(a). This is demonstrated using a three spins (two 

electrons and one proton) based simulation at the experimental condition taken of figure 1. 

The longitudinal relaxation rate constants of electrons are taken to be 0.01 and 4 ms, 

mimicking relaxation rates of TCP2 and OX063, respectively. All the other simulation 

parameters are mentioned in the supporting information (SI, Section3).
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