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Static 1H Dynamic Nuclear

Polarization with the biradical

TOTAPOL: a transition between the

solid e�ect and the cross e�ect

Abstract

To study the solid 1H-DNP mechanism of the biradical TOTAPOL under static conditions the

frequency swept DNP enhancement spectra of samples containing 20 mM and 5 mM TOTAPOL

were measured as a function of MW irradiation time and temperature. We observed that under

static DNP conditions the biradical TOTAPOL behaves similar to the monoradical TEMPOL,

in contrast to MAS DNP where TOTAPOL is considerably more e�ective. As previously done

for TEMPOL, the TOTAPOL DNP spectra were analyzed taking a superposition of a basic

SE-DNP lineshape and a basic CE-DNP lineshape with di�erent amplitudes. The analysis of

the steady state DNP spectra showed that the SE was dominant in the 6-10 K range and the

CE was dominant above 10K. DNP spectra obtained as a function of MW irradiation times

allowed resolving the individual SE and CE buildup times. At low temperatures the SE buildup

time was faster than the CE buildup time and at all temperatures the CE buildup time was

close to the nuclear spin-lattice relaxation time, T1n. Polarization calculations involving nuclear

spin-di�usion for a model system of one electron and many nuclei suggested that the shortening

of the T1n for increasing temperatures is why the SE contribution to the overall enhancement

was reduced.

1 Introduction

In recent years Dynamic Nuclear Polarization (DNP) has become a frequently used method to

enhance NMR signals. It is based on polarization transfer from radicals added to the NMR

samples, theoretically, leading to a maximal enhancement of the NMR signal that is equal to

the ratio between the electron and nuclear gyromagnetic ratios, γe/γn, which is ~660 for 1H

and ~2640 for 13C [1].
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Traditionally, three main mechanisms are used to describe DNP in the solid state and they

can be classi�ed according to the number of electrons actively polarizing the nuclei. The Solid

E�ect (SE) takes place when single electrons polarize their neighboring nuclei [2], the Cross

E�ect (CE) occurs when pairs of coupled electrons polarize the nuclei [3, 4] and the nuclear

polarization enhancement during Thermal Mixing (TM) takes place when spin thermodynamics

accounts for the polarization transfer between multi-electron coupled spin systems and the

nuclei [5, 6]. All three mechanisms have been used to explain the nuclear enhancement in

modern DNP experiments. Modeling of DNP spectra using theoretical models has previously

been done mostly relying on the TM-DNP mechanism or by solving coupled rate equations

on many electron systems [4] [7] [8] [9] [10] [11]. Many parameters can in�uence the relative

contributions of the three mechanisms to the nuclear signal such as the inhomogeneous linewidth

of the electron paramagnetic resonance (EPR) spectrum of the radicals, the hyper�ne and

electron-electron and nuclear-nuclear dipolar interaction strengths, the radical concentration,

the electron and nuclear spin-lattice and spin-spin relaxation parameters and the nuclear Larmor

frequencies [12, 13, 14, 15][16] [17].

Presently, where applications of DNP are concerned, two types of solid state DNP experiments

are commonly performed: 1) Dissolution DNP, where the DNP enhancement process takes place

at low temperatures in one magnetic �eld, after which the polarized sample is rapidly dissolved

and NMR or MRI data are collected at ambient temperatures in a second higher magnetic �eld

[16] [18]. 2) Magic angle spinning (MAS) DNP, where the DNP enhancement and the NMR

detection are performed at a constant temperature and magnetic �eld on a solid sample rotating

at the magic angle [15] [16] [17]. Many dissolution DNP experiments use the soluble trityl OX63

radicals [18, 19], while MAS-DNP usually employs TOTAPOL, a stable nitroxide biradical [20],

or other biradicals [21, 22, 23, 24]. It has been shown that when using TOTAPOL for MAS

DNP the enhancement is considerably higher than when a monoradical such as TEMPOL is

used [20]. Consequently other biradicals have been synthesized in recent years and used for

di�erent applications [21, 22, 23, 24].

We have recently studied the static DNP enhancement mechanism in the temperature range

of 6-40 K in glass forming solids containing TEMPOL [25] and trityl [26] radicals at 3.5 T and

detecting 1H and 13C NMR signals, respectively. We found that frequency swept DNP spectra

could be decomposed in terms of two basic SE-DNP and CE-DNP lineshapes. This decomposi-

tion relied on the assumption that the SE-DNP and CE-DNP mechanisms are simultaneously

present and that the components of the DNP enhancement are proportional to the number

of MW irradiated SE-DNP active single electrons and CE-DNP active electron pairs in the

samples. In both types of samples the presence of the SE was found to be more pronounced

at the low temperature range, 6-10 K, than in the higher range, 20-60 K, where the CE seems

to dominate. Here we continue our studies by following the DNP enhancement mechanism in

samples containing the biradical TOTAPOL in order to examine the in�uence of its strong

electron dipolar coupling (~23 MHz [27]) on the interplay between the relative CE and SE

contributions. The presence of these electron pairs would suggest that the CE dominates the
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static DNP mechanism [28] [29]. We show here that during our static (non MAS) DNP exper-

iments there is a prominent contribution of the SE-DNP mechanism at the low temperature

range. This indicates that the strong electron dipolar interaction is not su�cient to induce CE

processes as long as the CE-condition is not ful�lled. The CE condition depends on the g-tensor

orientations of the two coupled unpaired electrons in the external magnetic �eld and thus re-

duces the number of MW saturated CE-DNP active biradicals. Accordingly, despite the strong

dipolar interaction of the electron pairs in the TOTAPOL samples the results of the SE and CE

analysis are very similar to the results obtained from the monoradicals TEMPOL and trityl,

showing no speci�c preference for the CE-DNP mechanism. This is in contrast to MAS DNP

where level anti-crossings during sample rotation enhance the CE-DNP process, as has been

demonstrated in simulations [30, 31]. These anti-crossings have been recently demonstrated

experimentally by Corzilius et al. [32]. Additionally we studied the temporal behavior of the

DNP enhancement and observed that at low temperatures the growth of the DNP spectra are

characterized by two time constants, associated with the individual SE and CE contributions.

2 Methods and materials

2.1 The spectrometer

All experiments were carried out in a hybrid pulsed-EPR-NMR spectrometer at a magnetic �eld

of 3.38 T, which corresponds to a 1H-Larmor frequency of 144 MHz and an electron-Larmor

frequency of approximately 95 GHz. The characteristics of the spectrometer were described

earlier [33]. Synchronization between the EPR and NMR spectrometers allows independent

and simultaneous RF and MW irradiation schemes. There are two MW channels that can be

operated independently. A liquid helium �ow cryostat positioned inside the magnet enables

variable temperature measurements.

2.2 Sample preparation

The experiments were performed on two samples containing 20 mM and 5mM of the nitroxide-

based biradical [1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol] (TOTAPOL) dissolved in

a glass forming solution of 56/44 (% w/w) of Dimethyl sulfoxide (DMSO)/H 2O. DMSO was

purchased from Sigma-Aldrich and TOTAPOL was purchased from DyNuPol Inc. Thirty µL

of the solution were placed in a glass vial, �ash frozen with liquid nitrogen and then sealed with

a �ame. Before sealing the samples were degassed using a freeze-pump-thaw procedure.

2.3 EPR experiments

All EPR signals were detected using an echo detection scheme (α-τ -α-τ -echo) composed of two

400 nsec MW pulses (α ≈ 900) and an echo delay time of τ =600 nsec. In all cases the strength

of the MW irradiation was approximately ω1 ≈ 600 kHz as measured from electron nutation
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experiments (not shown). The integrated half width echo intensity was recorded for all EPR

experiments.

Electron spin-lattice relaxation times, T1e, were measured by saturation-recovery experiments

with a MW saturation pulse varying between 10 msec and 150 msec depending on the T1e value.

A single exponential �tting procedure was used to analyze the EPR saturation-recovery data:

Se(t) = Se
eq + (Se(0)− Se

eq)exp(−(t/T1e)). (1)

The T1e values were measured at MW frequencies, ωMW = 94.85 GHz, ωMW = 95 GHz and

ωMW = 95.1 GHz and a �xed magnetic �eld 3.3836 T.

The cw-EPR spectra were measured on a w-band EPR spectrometer in cw-mode, at 10 K,

with a modulation amplitude of approximately 1 G, a modulation frequency of 10 kHz, a time

constant of 100 msec and sensitivity of 500 µV/pA.

2.4 NMR experiments

All 1H-NMR signals were detected using an echo sequence (π/2x-τ -π/2y-τ -echo), with a π/2

pulse of a length of 3 µs and an echo delay of τ = 23µs. Signals were recorded by acquiring

whole echoes and recording their maximum intensity. Integration of the echos resulted in

similar results (not shown). The proton longitudinal relaxation times, T1n were measured by

saturation recovery. Saturation was achieved by applying a train of 20 alternating x and y

saturation pulses. In all cases the resulting signal recovery curves could be analyzed using a

single exponent.

2.5 DNP experiments

The DNP experiments were all conducted as follows: A train of proton saturation pulses was

applied, followed by continuous wave (cw) MW irradiation at a frequency ωMW applied for a

length of time tMW and then NMR echo detection on protons. In all cases the strength of the

MW irradiation was approximately ω1 ≈ 600 kHz.

The proton signal enhancements detected at a temperature T for a certain ωMW and tMW were

determined by comparing the intensity SDNP of the DNP enhanced 1H echo with the thermal

equilibrium echo intensity Seq measured without MW irradiation at the same temperature,

according to:

E(tMW , ωMW ) = SDNP (tMW , ωMW )/Seq. (2)

Temperature dependent DNP enhancements E(tMW , ωMW ) were measured as a function

of ωMW and tMW , where ωMW was varied between 94.44 GHz and 95.42 GHz, covering the

EPR spectral range and beyond. At each temperature at least seven tMW dependent DNP

spectra were recorded, starting at tMW=0.1 sec and ending with a tMW which was long

enough to allow the enhancement to reach its steady state value. From these data frequency

dependent DNP buildup curves were constructed. The buildup curves at �xed tempera-
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tures and frequencies were analyzed by �tting them to a single exponential function with a

characteristic buildup time Tbu(ωMW ) and a �nal maximum steady state enhancement value

Emax(ωMW ) = S(5Tbu, ωMW )/Seq :

E(tMW , ωMW ) = Emax(ωMW )(1− e−tMW /Tbu(ωMW )). (3)

3 Experimental results

As a �rst step towards characterization of the static solid state DNP properties of TOTAPOL,

the EPR spectra of the 20 mM (Fig. 1a) and the 5 mM sample (Fig. 1b) were measured at 10

K on a W-band EPR spectrometer in its continuous wave (cw) mode. The di�erences in the

relative intensities of the gxx and gyy components of these cw-EPR spectra are likely a result of

broadening e�ects due to increasing Heisenberg exchange interactions in the more concentrated

sample [34].

Next we measured T1e and T1n of the samples as a function of temperature. In Fig. 2a we

present the temperature dependence of T1e of the two samples, measured at three frequencies

within the EPR powder pattern (see small arrows in Fig. 1); their temperature dependencies

turned out to be practically the same. Above 20 K the T1e values are short, of the order of

only several msec, and they increase signi�cantly when lowering the temperature, reaching 65

msec at 10 K and 136 msec at 6 K for the 5 mM and the 20 mM samples respectively. As can

be seen in Fig. 2b, at high temperatures T1n is several seconds long and as the temperature

decreases it increases, reaching a value of 125 sec at 6 K for the 20 mM sample and 339 sec at

10 K for the 5 mM sample.

In Fig. 3 we show the steady state ωMW frequency swept DNP spectra of the two samples

measured at tMW
∼= 5Tbu and at di�erent temperatures. The vertical dashed lines in the �gures

represent the edges of the EPR spectrum of TOTAPOL as marked by dashed lines in Fig. 1.

The �rst thing to note about that steady state spectra in Fig. 3 is that the enhancements are

similar to those observed earlier for TEMPOL, namely the presence of well de�ned electron spin

pairs do not make a signi�cant di�erence in static DNP. Moreover the maximal enhancement

changes as a function of temperature, reaching a maximum at 20 K for the 20 mM sample

and 10-20 K for the 5 mM sample. Next we see changes in the DNP spectrum lineshape as a

function of temperature that are more pronounced in the 20 mM than in the 5 mM sample. For

the 20 mM sample the separation between the maximum positive and negative enhancement

peaks is ~305 MHz at 6 K and decreases to ~205 MHz at higher temperatures. The DNP

spectra also become narrower as the temperature is increased. The 20 mM spectra at 6 K and

10 K clearly show features of the EPR spectrum such as the 14N steps on the low frequency

side. Another feature, a shoulder corresponding to the the gxx part of the EPR line, is seen

on the high frequency side on both samples, and it decreases as the temperature increases.

Similar e�ects were previously seen in the spectra of the TEMPOL samples [25], suggesting

that also in the TOTAPOL samples we see a transition from a dominant CE mechanism at
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high temperatures to a SE mechanism at low temperatures. The analysis of these steady state

DNP spectra will be described in the next section.

To investigate the ωMW dependence of the buildup times Tbu(ωMW ), DNP spectra were

recorded as a function of tMW at several temperatures. The DNP spectra at di�erent tMW

values are shown in the SI. In Figs. 4a,b the normalized DNP spectra for short and long

tMW values, recorded at 6 K and 10 K for the 20 mM and 5 mM samples respectively, are

superimposed to demonstrate the changes in their lineshapes. In order to characterize these

spectra we monitored the tMW dependence of EDNP (tMW , ωMW ) at �xed ωMW values and

analyzed the results by assuming that they can be �t to single exponent increasing functions

de�ned by buildup times Tbu(ωMW ). Their values are shown in Figs. 4c,d (symbols). At

low temperatures the MW frequency dependence is very pronounced, with longer Tbu(ωMW )

values at the center frequency of the DNP spectra than at the sides. At higher temperatures

this dependence disappears and the Tbu(ωMW ) values approach the values of T1n. In both

samples some frequency dependence of Tbu(ωMW ) is still observable at 20 K, while none above

that temperature. Several studies have been reported showing frequency dependencies of DNP

buildup times. For example, 13C-DNP experiments at ~3.35 T and close to 1 K on samples

containing trityl [19], trityl biradicals [35] and TEMPO [9] showed that Tbu(ωMW ) was shorter

in the middle of the DNP spectrum than at the edges. These �ndings are in contrast to what

we show in Fig. 4, though it is di�cult to compare as the detected nuclei, the temperature,

and in some cases the radical, are di�erent. In the next section we will show that we are able

to reproduce the Tbu(ωMW ) frequency dependence quite well by following the analysis of the

DNP spectra as a function of tMW .

4 Analysis of the DNP spectra

In this section we analyze the shapes of the DNP spectra shown in Fig. 3 by decomposing them

into two, SE-DNP and CE-DNP, lineshapes, varying their relative contributions (amplitudes)

with temperature. These basic SE-DNP and CE-DNP spectra were generated by simulating

the steady state nuclear enhancement of a 3-spin system {e-e-H} as a function of the Larmor

frequencies of the two electrons and then separating this enhancement pro�le into a SE and a CE

contribution while taking the experimental EPR lineshape into account. A detailed description

of this method can be found in reference [25] and in the supplementary material of reference

[26].

4.1 The basic SE-DNP and CE-DNP spectra

In the present study we followed the same procedure for the analysis of the DNP spectra as

described above. Thus for each sample two basic spectra had to be calculated that can be

used to �t all temperature and time dependent DNP spectra data in a way that can then

also explain the frequency dependence of the buildup times in Fig. 4c and d (circles). Basic

SE-DNP and CE-DNP spectra were indeed calculated based on the cw-EPR lineshapes of Fig.
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1 and a best �t procedure was applied to reconstruct the steady state DNP spectra of Fig. 3

for all temperatures. The quality of these �ts was somewhat lower than similar �ts previously

reported [25, 26], especially at low temperatures (see Fig. S1). Moreover it was hard to obtain

good �ts for the time dependent spectra for short MW irradiation times at these temperatures.

Therefore, in order to improve our �tting we slightly modi�ed the lineshapes of the basic SE-

DNP spectra used to �t the DNP spectra.

To demonstrate the need for the lineshape modi�cation, we compare in Fig. 5 the experi-

mental DNP spectra of the 20 mM sample measured at 6 K and at tMW = 0.2 sec and of the

5mM sample measured at 10 K and tMW = 0.1 sec with the simulated basic SE-DNP spectrum

(dashed lines). The parameters used for these simulations are listed in the �gure caption. The

experimental spectra di�er from the basic SE-DNP spectrum, having the same overall width

and only deviating in their intensity pro�les. Most of the intensity di�erences occur at the

edge or outside the EPR lineshape. We therefore decided to modify the basic SE-DNP line-

shapes in a way that would result in good �ts to the experimental spectra in Fig 5. We did

not �nd it necessary to modify the original CE-DNP lineshape. For the 20 mM sample we

choose the modi�ed SE-DNP spectrum to be equal to the experimental spectrum (solid line).

For the 5 mM sample we created a modi�ed SE-DNP spectrum (dash-dotted line) that di�ers

slightly from the experimental one by assuming that part of the experimental spectrum is due

to CE-DNP and subtracting it from the experimental spectrum to get the modi�ed SE-DNP

spectrum. The sum of the modi�ed SE-DNP spectrum (dash-dotten line) and the original basic

CE-DNP spectrum (dotted line), with relative amplitudes bSE : bCE = 84 : 16, exactly results

in the experimental spectrum (solid line). These modi�ed DNP spectra improved the quality

of the decomposition signi�cantly for all data, as function of temperature and MW irradiation

time for both samples. In addition they enabled us to reconstruct the frequency dependent

buildup curves in Fig. 4 c and d, as will be shown in the next section.

To justify the use of these modi�ed lineshapes we should note that the simulated SE-DNP

spectra are derived considering only a very small model spin system with representative hy-

per�ne parameters, not taking into account any of the characteristic features of the samples

themselves. These include the type of radicals or biradicals, their molecular conformations and

concentrations, the molecular composition of the glassy samples in�uencing the nuclear spin

di�usion mechanism and the electron spectral di�usion process causing a frequency dependent

saturation of the electron polarization [36] [37]. It could also be that the small amplitude

changes were needed as a consequence of the two-electron correlated g-tensor distribution in

the biradical samples or as a consequence of the variation of the SE condition width due to

di�erent e-e dipolar interactions along the EPR spectrum. The DNP pro�les do take into ac-

count the in�uence of the 14N nuclei on the EPR lineshape [25] but not their spin relaxation

parameters.

In a previous publication we presented the temperature dependence of the DNP spectra of

a degassed 40 mM TEMPOL sample [25]. In that case we did not measure DNP spectra as a

function of tMW , but only at the steady state, and the simulated SE-DNP shape resulted in
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good �ts at all temperatures. Our previous analysis of this sample indicated that at 6 K the

DNP spectrum was mainly determined by the SE-lineshape. For comparison purposes in the

present study two new TEMPOL DNP spectra were recorded at 6 K, one at tMW = 0.2 sec

and one at the steady state with tMW = 240 sec (see Fig. S10). Both spectra show very similar

shapes that again can be analyzed by the basic non-modi�ed DNP spectra. From these �ts we

can conclude that for TEMPOL at 6 K and above there is no need to modify the basic SE-DNP

shape. Whether modi�cations are necessary below 6 K has to be seen. The di�erence between

the TEMPOL and TOTAPOL SE-lineshapes could be a result of the di�erence between the

unpaired electron distributions in the two corresponding samples, pairs vs monomers. This,

however, is a subject that should be veri�ed in the future.

4.2 Steady state and buildup times of the DNP spectra

Using the normalized simulated SE and modi�ed CE lineshapes, FSE(ωMW ) and FCE(ωMW ), we

were able to analyze all experimental DNP enhancement data E(tMW , ωMW ) of both samples

by �tting them to the function

Esim(T ; tMW , ωMW ) = bSE(T ; tMW )FSE(ωMW ) + bCE(T ; tMW )FCE(ωMW ), (4)

where bSE(T ; tMW ) and bCE(T ; tMW ) are the time dependent contributions of the two mecha-

nisms to the enhancements. At the steady state the enhancement pro�les Emax
sim (T ;ωMW ) are

determined by bmax
SE (T )FSE(ωMW )+bmax

CE (T )FCE(ωMW ) and the results of the �tting procedures

for the 20 mM sample and the 5 mM sample are shown in Fig. 6-7. Summarizing these data the

values of bmax
SE (T )FSE(ωMW ) and bmax

CE (T )FCE(ωMW ) at νMW = 94.889 GHz are shown in Fig.

8. These temperature dependent SE and CE contributions are very similar to the dependencies

obtained from the TEMPOL and trityl samples [25, 26].

The results of the �tting procedure as a function of tMW are shown in the SI. In all cases

the �ts are rather good with only some small mismatches. The resulting amplitude functions

bSE(T ; tMW ) and bCE(T ; tMW ) for each temperature could all be described by single exponential

functions with buildup times T SE
bu and TCE

bu and steady state values bmax
SE (T ) and bmax

CE (T ),

respectively. Two typical examples of the time dependence of bSE(T ; tMW )FSE(ωMW ) and

bCE(T ; tMW )FCE(ωMW ) at ωMW = 94.889 GHz are shown in Fig. 9 along with the SE and CE

buildup times as a function of temperature.

Interestingly, the analysis of the DNP data demonstrates that the individual buildup times

of the SE and CE contributions di�er (Fig. 9). This is most pronounced at low temperatures

where T SE
bu < TCE

bu . Comparing these buildup times with T1n shows that for both samples at all

temperatures TCE
bu is much closer to T1n than T

SE
bu . The individual buildup times and maximum

amplitudes can now be used to express the frequency dependent buildup curves as

Esim(T ; tMW , ωMW ) = bmax
SE (T )(1−e−tMW/T

SE
bu (T ))FSE(ωMW )+bmax

CE (T )(1−e−tMW /TCE
bu (T ))FCE(ωMW )

(5)

Fitting Esim(T ; tMW , ωMW ) of each sample to a single exponential function results in frequency

8

Page 8 of 29Physical Chemistry Chemical Physics



dependent buildup times T sim
bu (T ;ωMW ) that must resemble the experimental buildup times

Tbu(T ;ωMW ) as shown in Figs. 3c and d. To reach this resemblance it was necessary to

decompose the short time DNP spectra of the 5mM sample (in Fig. 4b) to a (modi�ed) SE-

DNP and a CE-DNP contribution, as described above. The frequency dependent buildup curves

for the 5 mM sample at 10 K could not be reproduced assuming that the spectrum at tMW = 0.1

sec did not contain any CE contribution. The results of these �tting procedures are added to

the data in Fig. 4 (solid lines). Although not perfect, the agreement must be considered as a

validation of the decomposition of the experimental data in terms of the modi�ed SE-DNP and

basic CE-DNP spectra.

5 Discussion

5.1 The DNP spectra

In the present study all DNP spectra could be �t to a sum of two basic SE and CE spectra

with di�erent amplitudes bSE(T ; tMW ) and bCE(T ; tMW ), respectively. The di�erence between

their tMW dependencies, expressed by the di�erence between their buildup times T SE
bu (T ) and

TCE
bu (T ) at low temperatures, is particularly interesting. These di�erences and the temperature

dependence of the two amplitudes can assist us in getting a better understanding of the DNP

mechanisms in our samples. In particular we can try to address the questions what causes

the SE and CE buildup times to be di�erent (Fig. 9c-d), and why do the steady state values

bmax
SE (T ) and bmax

CE (T ) show di�erent temperature dependencies (Fig. 8)?

We should mention here that the contributions to the polarization coming from the SE provide

signi�cant signal enhancements when the MW �eld is applied outside the EPR line where the

CE is absent, thus allowing us to clearly distinguish the SE contribution from the CE one and

to characterize them independently. The observed di�erence between the characteristic buildup

times T SE
bu (T ) and TCE

bu (T ) suggests that the two enhancement processes operate simultaneously

and independently in the whole sample and the di�erences in bmax
SE (T ) and bmax

CE (T ) suggest that

when lowering the temperature the SE contribution to the overall nuclear signal increases.

5.2 The SE-DNP mechanism

To present at least a qualitative explanation for the SE temperature dependence we can imagine

a single SE-DNP active electron surrounded by an area �lled with nuclei. In such a model

we ignore the presence of electrons that are not directly involved in the SE process [38] or

are in�uenced by spectral di�usion [37]. This can be justi�ed by the fact that the shape of

the SE-DNP spectrum is almost solely determined by the density of single electrons with on-

resonance DQ and ZQ transitions at each MW frequency. We also neglect the biradical nature

of TOTAPOL which can be justi�ed by realizing that in most cases the frequencies of the DQ

(or ZQ) transitions of the two electrons will be very di�erent. The description of the SE-DNP

process we will present here relies on earlier studies which describe nuclear spin di�usion [39]
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[40] [41] [42] and the SE-DNP mechanism [6] [43] [44], and in particular the SE description

presented by Hovav et al. [12] [45].

To schematically demonstrate the e�ects of di�erent experimental and intrinsic parameters

of the system on the nuclear polarization we introduce a simple model of a two-dimensional grid

of nuclei surrounding a single electron. To calculate the e�ect of MW irradiation at ωe−ωn (or

ωe + ωn) on the di�erent nuclei we assign to each nucleus i an e�ective DQ (or ZQ) irradiation

�eld ωSE
eff,i, which is proportional to the strength ω1 of the MW and inversely proportional to

the cube of the electron-nuclear distance [12]. The nuclear dipolar interaction is taken into

account by slightly modifying ωSE
eff,i in order to support the dipolar-assisted DNP enhancement

mechanism [45]. The modi�cation is done by spreading ωSE
eff,i to the nuclei j around it. The

exact way this has been done here is discussed in the SI.

With the corrected irradiation �elds, ωSE∗
1,eff,i, we can now describe the evolution of polar-

izations of the nuclei i by introducing rate equations for all polarizations in the system with

DNP excitation rate constants RSE
bu,i = (ωSE∗

eff,i)
2T2x, which depend on the e-n spin-spin cross-

relaxation time T2x. The electronic relaxation rate R1e in these equations is chosen much larger

than all RSE
bu,i's and as a result does not in�uence the buildup time of the individual nuclear

polarizations [12]. For nuclei close to the electron (i.e. the core nuclei according to reference

[12]) the relaxation rate R1c is assumed to be larger than the relaxation rate R1n of the rest of

the nuclei, and is chosen here to be R1c = 10 ·R1n. The spin di�usion process, represented by a

dipolar relaxation rate R1d in the equations (see SI), equalizes the polarization of neighboring

nuclei [39] [42] [46]. The quenching of the nuclear dipolar interaction by the electron-nuclear

hyper�ne interaction is taken into account by using a spin di�usion rate Rc
1d between the core

nuclei that is 100 times smaller than the main R1d value. In all cases R1d � R1n such that the

bulk polarization is mostly uniform. The model system and the rate equations used to evaluate

the individual polarizations are described in detail in the SI.

In the following �gures we show results of calculations of the DNP enhanced nuclear polar-

ization on such two dimensional grids. The electron (represented by the black pixel) is located

close to the lower left corner and the color of each additional pixel represents the magnitude of

the polarization of each nucleus, normalized to the electron steady state polarization.

In Fig. 10a we show the steady state nuclear polarizations of the system containing NSE =

1680 nuclei during MW irradiation for a nuclear relaxation rate of R1n = 0.01sec−1 and a spin

di�usion rate R1d = 0. In this case only direct polarization of the nuclei through the e�ective

irradiation ωSE∗
eff,i is possible. As a result the polarization is localized in an area around the

electron.

In Fig 10b we show the nuclear polarization when choosing R1d = 103sec−1. Comparing (a)

and (b) demonstrates the e�ect of R1d spreading the polarization uniformly and destroying the

localization. To show an example of the dependence on R1n we recalculated the polarization in

Fig. 10c by increasing R1n to 0.2 sec−1. All other parameters such as the distances between the

nuclei and the R1e, R1c and R
c
1d values are given in the �gure caption. (An example of nuclei

polarized by two electrons is discussed and demonstrated in the SI). As long as R1d is much larger
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than R1n our simulations show that all nuclei (except for part of the core nuclei) experience

about the same polarization buildup rate RSE
bu and reach about the same end polarization P SE

end.

The values of P SE
end and RSE

bu are of course a function of the RSE
bu,i's, of R1e, R1n, R1c and of the

number of nuclei NSE
n in the model [6, 43]. A qualitative description of this dependence is given

below.

In the absence of nuclear relaxation, R1n ≈ 0 and for a large R1e, the buildup rate of the

nuclei RSE,0
bu is mainly determined by the strength of the MW irradiation, the number, NSE

n ,

of nuclei around the electron and their geometry [45]. In the presence of nuclear relaxation,

R1n 6= 0, the buildup rate decreases depending on the actual values of R1n and NSE
n . For

increasing R1n or NSE
n the value of RSE

bu will approach R1n and will eventually become equal to

it. For which values of R1n this happens depends of course on the value of RSE,0
bu and thus on

ω1. The actual dependence on R1n and NSE
n is hard to predict and is outside the scope of our

present qualitative description.

In addition to the changes in the buildup rate, the end polarization P SE
end is also a function of

R1n and NSE
n . For R1n = R1c = 0 the value of P SE

end will be about equal to the initial electron

polarization, independent of NSE
n as long as R1d is really large. When R1c > 0 P SE

end will decrease

even when R1n = 0. For a constant R1c the P
SE
end value will decrease for increasing R1n and N

SE
n

values and can reach zero when R1n is su�ciently large. Furthermore, the larger the RSE
bu,i's the

more nuclei can be polarized before P SE
end reaches zero. An example of the dependence of RSE

bu

and P SE
end on R1n for our model is shown in Fig. 11 for di�erent NSE

n values going again from

440 to 5040 nuclei.

Following the results of these model calculations and the discussions on the spin di�usion

process in the literature [6] [12] [39] [42] [43] [44] [46] we can determine which of the parameters

R1e, R1n, R
SE,0
bu , and NSE

n in�uences the SE enhancement in the samples studied. Here NSE
n

is a parameter representing the average number of nuclei that are polarized by each SE-DNP

active electron. The small SE contribution at high temperatures can be attributed to the large

R1n causing P SE
end to approach zero and RSE

bu to become equal to R1n. At the low temperatures

R1n becomes small enough to increase P SE
end and make RSE

bu > R1n, as observed experimentally

and as predicted in other model calculations [6] [11] [12] [43] [47]. The magnitude of NSE
n is

determined by the density of the DNP active electrons and will increase going from 20mM to the

5 mM sample. For the 20 mM sample R1n = 0.063 sec−1 at 40K and becomes R1n = 0.007 sec−1

at 6 K, causing an increase in P SE
end. Similar e�ects are seen for the 5 mM sample. Additionally,

the ~5 fold growth of R1n at 10 K going from the 5mM (R1n = 0.003 sec−1) to the 20 mM

(R1n = 0.014 sec−1) sample could explain the low value of the SE enhancement (P SE
end) in the

20 mM sample with respect to the 5 mM sample. This is qualitatively consistent with the

SE results in Fig. 8. We must emphasize that the in�uence of R1e on our SE-DNP results is

expected to be minor, because at 6 K its maximum value R1e = 65 sec−1 is still much larger

than RSE
bu = T SE

bu (6)−1 = 0.024 sec−1 .

This discussion provides a possible answer to the question why the SE enhancement disap-

pears at high temperatures. The decay of the SE enhancement with temperature occurs of
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course gradually, resulting in a coexistence of the two processes in the sample in the interme-

diate range of temperatures.

5.3 The CE-DNP mechanism

At the high temperature range of our experiments the CE-DNP process seems to dominate.

This can either be due to the absence of the SE-DNP enhancement (see above) or that when

both processes are present the CE-DNP process dominates. Thus we have to verify why the

conditions suppressing SE-DNP do not do the same to the CE-DNP process. To answer this we

can rely on the above discussion about the SE case. The main reason for the absence of the SE

enhancement was the large R1n values and insu�cient e�ective MW �elds. We must therefore

show that for these R1n's and the same ω1 the CE-DNP enhancement e�ciency can be much

higher than the SE-DNP e�ciency. Since the CE-enhancement relies also on the same spin

di�usion process as in the SE case and on the same R1n, the origin of the di�erence between

the processes must come from the polarization of the nuclear spins close to the electrons. This

argument is even strengthened by the fact that the density of CE-DNP active electron pairs is

smaller than that of the SE-DNP active electrons.

The major part of the electrons are not directly in�uenced by DQ or ZQ excitation necessary

for the SE process or do not belong to CE spin pairs. However, they get partially depolarized

by SQ saturation and by spectral di�usion processes possibly inducing DNP enhancement [11]

[47] [48]. Because of the low density of CE-DNP active electron pairs, this spectral di�usion

assisted enhancement can become rather important for spreading the polarization over the

sample. This kind of enhancement is now under investigation and is outside the scope of this

article.

When the Larmor frequencies ωe,1 and ωe,2 of two dipolar interacting electrons, 1 and 2,

satisfy |ωe,1 − ωe,2| w ωn, we expect degeneracies between the energies of states of the form

|α1β2ψ
n
m > and |β1α2ψ

n
m±1 >, where the nuclear states |ψn

m >and |ψn
m±1 > di�er by a single

spin �ip of some nucleus i. When these nuclei are hyper�ne coupled to the electrons strong

state mixing can occur and the MW matrix elements between the states of the form

< α1α2ψ
n
m|HMW |

1√
2
[(α1β2ψ

n
m)± (β1α2ψ

n
m±1)] > (6)

< β1β2ψ
n
m|HMW |

1√
2
[(α1β2ψ

n
m)± (β1α2ψ

n
m±1)] > (7)

can become of the order of ω1 itself. These large values, combined with the action of possible

cross-relaxation [11] between states of the form |α1βψ
n
m > and |β1α2ψ

n
m±1 > due to �uctuations

of the high order matrix elements, can result in an enhancement of neighboring nuclei with

buildup rates approaching R1e [13]. Thus the e�ective MW excitation rates RCE
bu,i for part of

the neighboring nuclei can become much larger than in the SE case. In the absence of nuclear

relaxation, R1n ≈ 0 the buildup rate of the nuclei around the CE electron pairs RCE,0
bu is mainly

determined by the strength of the MW irradiation, the number of nuclei around the electron,
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NCE
n , and their geometry. How much the value of RCE,0

bu exceeds RSE,0
bu for the same relaxation

parameters depends on di�erent factors including the number of nuclei with large RCE
bu,i rates.

This is still under investigation and we do not have a good model to simulate polarization

distributions analogous to Figs. 10 and 11. It is however apparent that the increase of R1e

with temperature enlarges RCE,0
bu and increases the CE-DNP enhancement e�ciency at higher

temperatures. Together with the spectral di�usion assisted enhancement, we conclude that the

shortening of the electron relaxation time is one of the main reasons for the dominance of the

CE lineshapes at high temperatures.

In the MAS DNP case, the CE works in an entirely di�erent manner. The rotation of

the sample can result in adiabatic energy level crossings which in turn result in high nuclear

polarizations [30] [31]. These energy level crossing are much more probable than �nding a pair

of electrons at the CE condition in the static case. Additionally, because of the sample rotation

the MW irradiation excites many more electrons than in the static case. As a result in MAS

DNP the CE is much more e�cient than in the static DNP case.

The arguments used in this section provide a qualitative interpretation of our results, but

make no predictions about the absolute values of the experimental enhancements or buildup

times. For a more accurate description the SE and CE enhancements in large spin systems

must be combined and the depolarization of electrons via spectral di�usion [37] [47] [48] must

be taken into account.

5.4 Conclusions

This paper presents 1H-DNP results of samples containing 20 mM and 5 mM of the biradical

TOTAPOL. By analyzing the steady state DNP spectra we show that in the static (non MAS)

case TOTAPOL behaves very similarly to its monoradical analog TEMPOL and gives similar

enhancement [25]. Namely, when using TOTAPOL the SE is dominant at low temperatures

and decreases at high temperatures where the CE becomes dominant. No increase in the

propensity of CE is found despite the strong electron-electron dipolar couplings which result

from TOTAPOL being a biradical. We also show that the DNP buildup time is dependent on

the MW irradiation frequency. We are able to reproduce this MW frequency dependence by

analyzing the DNP spectra as a function of the MW irradiation time. This analysis results in

di�erent buildup times for the SE and the CE, especially at low temperatures, where T SE
bu is

faster than T1n and TCE
bu is close to T1n. This temperature behavior of the SE is demonstrated

using a rate equation model described. It shows that at low temperatures the long T1n causes

an increase in the SE and results in a T SE
bu that is shorter than T1n. As the temperature rises T1n

becomes shorter, the SE decreases and T SE
bu approaches T1n. At the moment we cannot model

the CE in a similar manner but we suggest that the large e�ective irradiation on the CE nuclei

and the shortening of T1e at high temperatures results in an increase in CE enhancement when

the SE is ine�cient. Finally, we observe a change in the lineshape of the SE-DNP spectrum with

TOTAPOL when compared to TEMPOL, the exact nature of which is currently not understood

though some suggestions were made.
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Figure Captions

Fig. 1: cw-EPR spectra of the (a) 20 mM and (b) 5 mM TOTAPOL samples measured at 10K

on a W-band EPR spectrometer in its cw mode. The dotted vertical lines represent the edges

of the EPR lines. The small arrows represent the frequencies where T1e was measured.

Fig. 2: (a) Electron spin-lattice relaxation times T1e and (b) nuclear spin-lattice relaxation

times T1n as a function of temperature measured between 6 K and 40 K. The T1e values of the

20 mM (�lled symbols) and 5 mM (empty symbols) measured at ωMW = 94.85 GHz (black

circles), ωMW = 95 GHz (magenta circles) and ωMW = 95.1 GHz (blue triangles). The T1n

values are plotted for the 20 mM (circles) and 5 mM (squares) samples. Error bars represent

the 95% con�dence interval of the timescale parameters resultant from the �tting procedure of

the electron and nuclear saturation recovery curves. In some cases the error bars are obscured

by the symbols. The lines in this �gure are to guide the eye.

Fig. 3: Frequency swept DNP spectra Emax(ωMW ) of the (a) 20 mM and the (b) 5 mM

samples measured at 6 K (cyan), 10 K (magenta), 20 K (green), 30 K (blue) and 40 K (red) at

tMW ≈ 5Tbu. The dotted vertical lines represent the edges of the EPR line as marked in Fig.

1. The lines in this �gure are to guide the eye.

Fig. 4: Low temperature frequency swept DNP spectra E(tMW , ωMW ) for short tMW values

(circles) and long tMW values (squares) for the (a) 20 mM and (b) the 5 mM samples (b) at 6

K and 10 K respectively. Tbu(ωMW ) as a function of temperature (�lled symbols) for the (c) 20

mM and (d) the 5 mM samples. The T1n value for each temperature is plotted on the edge of

�gures (c) and (d) in empty symbols. Error bars represent the 95% con�dence interval of the

timescale parameters resultant from the �tting procedure of the polarization buildup curves.

In some cases the error bars are obscured by the symbols. The lines in (a) and (b) are to guide

the eye.

Fig. 5: Comparison between the experimental DNP spectra E(tMW , ωMW ) (circles) of the (a)

20 mM sample measured at 6 K and at tMW = 0.2ms and of the (b) 5mM sample measured at 10

K and tMW = 0.1 ms with the basic calculated SE-DNP spectra (dashed lines). The parameters

used for the simulations SE and CE spectra were: ωn/2π = 144 MHz, ωMW/2π = 95 GHz,

Dab = D±
ab = 20 MHz, Az,an = 0 kHz, A±

an = 500 kHz, Az,bn = 0 kHz, A±
bn = 0 kHz, ω1/2π = 0.5

MHz, T1e = 10 msec, T1c = 1 sec, T2e =4 usec, T2n = 1 msec, T = 10 K. The SE and CE

spectra for each sample were simulated using their respective cw-EPR lines.

Fig. 6: Analysis of the frequency swept DNP spectra E(tMW , ωMW ) (circles) of the 20 mM

sample measured at (a) 6 K, (b) 10 K, (c) 20 K and (d) 40 K at tMW ≈ 5Tbu. Shown are the SE

contribution bSE(tMW )FSE(ωMW ) (magenta lines), the CE contribution bCE(tMW )FCE(ωMW )

(blue lines) and the �t Ssim(tMW , ωMW ) (black lines). The �tting procedure is described in the
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text.

Fig. 7: Analysis of the frequency swept DNP spectra E(tMW , ωMW ) (circles) of the 5 mM

sample measured at (a) 10 K, (b) 20 K, (c) 30 K and (d) 40 K at tMW ≈ 5Tbu. Shown are the SE

contribution bSE(tMW )FSE(ωMW ) (magenta lines), the CE contribution bCE(tMW )FCE(ωMW )

(blue lines) and the �t Ssim(tMW , ωMW ) (black lines). The �tting procedure is described in the

text.

Fig. 8: The contributions of the SE bSE(tMW )FSE(ωMW ) (circles) and the CE bCE(tMW )FCE(ωMW )

(squares) to the enhancements derived from Figs. 9-10 as a function of temperature for (a) the

20 mM and (b) the 5 mM samples plotted at νMW = 94.889 GHz. The lines in this �gure are

to guide the eye.

Fig. 9: Example of b-functions for the SE: bSE(tMW )FSE(ωMW ) (circles), CE: bCE(tMW )FCE(ωMW )

(squares) and the �t: bSE(tMW )FSE(ωMW )+bCE(tMW )FCE(ωMW ) (triangles) plotted at νMW =

94.889 GHz for (a) the 20 mM and (b) the 5 mM sample at 6 K and 10 K, respectively. Their

single exponential �ts are shown as dashed lines. (c)-(d) Plots of T SE
bu (circles, solid lines),

TCE
bu (squares, solid lines) and T1n (triangles, dashed lines) as a function of temperature for

(c) the 20 mM and (d) the 5 mM sample. The T1n values are repeated from Fig. 2(b). Error

bars in (c) and (d) represent the 95% con�dence interval of the timescale parameters resultant

from the �tting procedure of the b-functions and nuclear saturation recovery curves with single

exponents. In some cases the error bars are obscured by the symbols. The lines in (c) and (d)

are to guide the eye.

Fig. 10: 2D contour plots of the steady state nuclear polarization for showing the e�ect of

(a) short R1n and no spin di�usion [R1n = 10−2 sec−1 and R1d = Rc
1d = 0 sec−1 ], (b) short R1n

and fast spin di�usion [R1n = 10−2 sec−1, R1d = 103 sec−1 and Rc
1d = 10 sec−1] and (c) long

R1n and fast spin di�usion [R1n = 2 · 10−1 sec−1, R1d = 103 sec−1 and Rc
1d = 10 sec−1]. The

electron is marked by a black pixel in the lower left corner of each contour plot. Each nucleus

is a pixel whose color represents the nuclear polarization normalized to the electron thermal

equilibrium polarization. The nuclei are 3.1 A apart in both dimensions, and there are 960

nuclei in all. The other parameters of the system are: R1e = 10 sec−1, R1c = 10 · R1n sec
−1,

ω1 = 1 MHz and T2x = 5µsec. The rate equations used to calculate these plots are described

in detail in the SI.

Fig. 11: Pend and RSE
bu as a function of R1n for di�erent values of NSE

n , described in the

legend. In the lower panel the dotted line represents RSE
bu = R1n. The parameters used for

these calculations are: R1e = 10 sec−1, R1c = 10 · R1n sec
−1, R1d = 103 sec−1, Rc

1d = 10 sec−1,

ω1 = 1 MHz and T2x = 5µsec. The rate equations used to calculate these plots are described

in detail in the SI.
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