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Abstract

DNP on heteronuclear spin systems often results in interesting phenomenon such as the po-

larization enhancement of one nucleus during MW irradiation at the “forbidden” transition

frequencies of another nucleus or the polarization transfer between the nuclei without MW

irradiation. In this work we discuss the spin dynamics in a four-spin model system of the form

{ea − eb − (1H,13 C)} , with Larmor frequencies ωe, ωH and ωC , by performing Liouville space

simulations. This spin system exhibits the common 1H Solid Effect (SE), 13C Cross Effect (CE)

and in addition high order CE-DNP enhancements. Here we show, in particular, the “proton

shifted 13C-CE” mechanism that results in 13C polarization when the model system, at one

of its 13C-CE conditions, is excited by a MW field at the zero quantum or double quantum

electron-proton transitions ωMW = ωa ± ωH and ωMW = ωb ± ωH . Further more, we intro-

duce the “heteronuclear” CE mechanism that becomes efficient when the system is at one of

its combined CE conditions |ωa − ωb| = |ωH ± ωC |. At these conditions, simulations of the

four-spin system show polarization transfer processes between the nuclei, during and without

MW irradiation, resembling the polarization exchange effects often discussed in the literature.

To link the “microscopic” four-spin simulations to the experimental results we use the DNP

lineshape simulations based on “macroscopic” rate equations describing the electron and nu-

clear polarization dynamics in large spin systems. This approach is applied based on electron-

electron double resonance (ELDOR) measurements that show strong 1H-SE features outside the

EPR frequency range. Simulated ELDOR spectra combined with the indirect 13C-CE (iCE)

mechanism, result in additional proton shifted 13C-DNP features that are similar to the exper-

imental ones. These features are also observed experimentally in 13C-DNP spectra of a sample

containing 15 mM trityl in a glass forming solution of 13C-glycerol/H2O and are analyzed by

calculating the basic 13C-SE and 13C-iCE shapes using simulated ELDOR spectra that were

fitted to the experimental ones.
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1 Introduction

During dynamic nuclear polarization (DNP) experiments NMR signals are enhanced by MW

excitation of free electrons added to the samples of interest. In non-conducting solids, several

DNP mechanisms are used to describe these enhancements. We can make a distinction between

five mechanisms:

(i) The Solid Effect (SE) - where one electron e polarizes its neighboring nuclei by an effective

MW irradiation on the ”forbidden” zero quantum (ZQen) or double quantum (DQen) transitions,

resulting in a positive and negative enhancement at the sum or difference frequencies of the

electron and nuclear Larmor frequencies, ωe ± ωn, respectively [1, 2, 3, 4, 5, 6, 7, 8, 9].

(ii) The direct Cross Effect (dCE) - where two dipolar-coupled electrons, ea at a frequency ωa

and eb at a frequency ωb, polarize their neighboring nuclei via an on-resonance MW irradiation

when the CE condition, |ωa − ωb| ≈ ωn, is fulfilled [10, 11, 12, 13, 14, 15, 16]. At the CE

condition there is full state-mixing between two degenerate energy levels such that on-resonance

MW irradiation on the single quantum of electron ea (SQa), for example, is also MW irradiation

on the DQbn or ZQbn of electron eb and the nucleus, and vice versa. The irradiation on these

transitions results in enhancement of the nucleus, which, at the steady state, is proportional to

the polarization difference between the two electrons, becomes equal to [17]:

Pn =
Pa − Pb
1− PaPb

(1)

where ωa > ωb.

(iii) The indirect Cross Effect (iCE) - where the same two dipolar-coupled electrons, at the

CE condition, are not directly irradiated on but still polarize their neighboring nuclei. The two

electrons are depolarized via a combination of off-resonance MW irradiation together with an

electron spectral diffusion (eSD) process [17], and this together with other relaxation pathways

creates a polarization difference, Pa 6= Pb, which results in polarization of a hyperfine coupled

nucleus according to Eq. 1 [17]. The distinction between the dCE and iCE mechanisms is

a consequence of possible differences in their enhancement dynamics due to differences in the

relaxation processes and effective irradiation strengths in both cases. Ignoring this difference

would mean that the dCE is included into the iCE process.

(iv) Thermal Mixing (TM) - which is a thermodynamic model that describes the nuclear

enhancement in systems containing many coupled electrons and nuclei [2, 8, 18, 19, 20, 21, 22,

23]. It relies on reducing the spin temperature of the nuclear-Zeeman spin bath by the contact

to the cold electron spin baths in the electron rotating frame [8, 19, 18, 24]. This process is

active, in particular, when the nuclear Larmor frequencies are smaller than the EPR linewidth

of the coupled electrons in the system, but was also used to explain the enhancement of nuclei

with larger Larmor frequencies.

(v) the Overhauser Effect (OE) - where differentiation between ZQ and DQ electron-nuclear

cross-relaxation mechanisms causes nuclear polarization [25, 26, 27, 28, 29]. This mechanism is

responsible for DNP enhancements in solutions and conducting solids containing free radicals
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[30, 31, 32, 33] and was recently shown to exist as well in MAS of dialectric solids [29].

Presently, DNP applications focus on 1H and 13C nuclei [10, 34, 35] though, many other

nuclei have also been enhanced [34, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45]. Different types of

stable radicals are used; in particular nitroxide radicals with broad EPR spectra for 1H-DNP

(for example, TEMPO, TOTAPOL, bTbK and AMUPol [10, 46, 47, 48, 49, 50]) and narrow

EPR spectrum radicals such as trityl [51] and BDPA [52, 53] for 13C-DNP [54] and 2H-DNP.

When the nuclear Larmor frequencies are smaller than the EPR linewidths, mainly CE of TM

enhancement is expected [10, 46, 47, 48, 49, 50], while in the case of larger Larmor frequencies

the SE is responsible for the enhancement [2].

Samples containing radicals with broad EPR spectra that can simultaneously polarize several

types of nuclei (with Larmor frequencies narrower than the EPR spectral width) generally show

two DNP features: (i) The MW frequency swept DNP spectra of different nuclei are similar

[2, 19, 20, 37, 38, 39, 40, 41, 56, 57], and (ii) there exists a polarization exchange between the

different nuclei even without MW irradiation [37, 38]. These two features are described in the

literature using the TM formalism. This formalism predicts that all nuclei in the sample reach

the same nuclear spin temperature, which also means that their enhancements at each MW

frequency are equal and thus their DNP spectra become the same [2, 24, 36].

The DNP spectra obtained with narrow-line radicals, sometimes exhibit enhancements of low

gamma nuclei for MW irradiation frequencies outside the EPR spectrum. These positive and

negative enhancements were not explained by the DNP mechanisms mentioned above. Such

additional features in the DNP spectrum were first recorded by W. de Boer in 2H-DNP spectra

of a sample of m-xylene-d6 doped with BDPA [36], in which positive and negative spectral

features separated by 2ωD appeared on either side of the EPR line at ωMW = ωe+ωH±ωD and

ωMW = ωe−ωH±ωD, where ωH and ωD are the Larmor frequencies of 1H and 2H, respectively,

and ωe is the center of the EPR line. These were attributed to the “double solid-state effect”

(double-SE), involving simultaneous spin flips of the electrons, protons and deuterons [36, 37].

Similar double-SE and double-SE-like spectral features were later reported in the literature,

though in some of these cases their frequencies did not exactly fit the double SE case and an

explanation for their appearance could not be found [41, 45, 58, 59]. In the present paper we

present 13C-DNP experiments on samples containing trityl radicals that also result in DNP

spectra with extra spectral features outside of the EPR frequency range and that differ from de

Boer’s double-SE features because the frequency difference between the positive and negative

enhancements is ωC and not 2ωC . We will account for these extra features theoretically.

Before presenting the trityl DNP data and the origin of their extra features, we discuss the the

spin dynamics in a four-spin model system of the form {ea−eb−(1H,13 C)} by performing Liou-

ville space simulations. This spin system exhibits the common 1H-SE-DNP, 13C-CE-DNP and

high-order CE-DNP enhancements that can be correlated to the experimental observations. In

particular, we show that irradiation on the 1H ZQ and DQ transitions of each of the electrons in

the pair at a 13C-CE condition results in 13C enhancements that appear at ωMW = ωa±ωH and

ωMW = ωb ± ωH , resulting in a separation of ωC between positive and negative enhancements.
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These enhancements indicate the existence of a combined {1H-SE+13C-CE} DNP mechanism.

In this study we show the resemblance between these results and the actual results observed in

our experiments.

Further calculations of the spin dynamics in the four-spin system {ea − eb − (1H,13 C)} show

the existence of high-order ”heteronuclear” CE mechanisms that corresponds to CE conditions

of the form |ωa − ωb| = |ωH ± ωC |. At these conditions the four-spin system simulations show

possible polarization transfer processes between the nuclei, during MW irradiation and without

it, that resembles the polarization exchange effects mentioned and discussed in Refs. [37, 38] in

which, after saturation, one nucleus recovers its polarization due to the polarization of another

nucleus. Conditions for these transfer process are investigated and their dynamic characteristics

are derived. These findings will be verified experimentally in future studies of heteronuclear

polarization transfer processes in TEMPOL samples.

To link the “microscopic” simulations to the experimental results we use the DNP lineshape

simulations based on “macroscopic” rate equations describing the electron and nuclear polar-

ization dynamics in large spin systems, recently introduced by Hovav et al. [17, 60]. There

it was shown that the DNP enhancements in TEMPOL samples can be described by the iCE

process after determining the electron polarization profile resulting from MW irradiation and

eSD from two-dimensional electron-electron double resonance (2D-ELDOR) experiments [17].

This same approach is applied here after performing ELDOR measurements. These ELDOR

spectra show strong 1H-SE features outside the EPR spectrum frequency range that, combined

with the 13C-iCE mechanism, result in additional 13C-DNP features that are similar to the

experimental ones. In this study it is shown that the spin dynamics of the four-spin system

at a {1H-SE+13C-CE} type of DNP mechanism can be used to explain the additional spectral

features observed in real samples.

2 Materials, experiments and simulations

2.1 Sample preparation

The experiments were performed on a sample containing 15 mM of trityl (Tris{8-carboxyl-

2,2,6,6-tetra[2-(1-hydroxyethyl)]-benzo(1,2-d:4,5-d´)bis(1,3)dithiole-4-yl}methyl sodium salt) in

a solution of 50/50 (% V/V) of H2O/1, 3−13 C2−glycerol. 1, 3−13 C2−glycerol was purchased

from Cambridge Isotopes and trityl was purchased from Oxford Instruments. 30µl of the solu-

tion was placed in a glass vial, flash frozen with liquid nitrogen and then sealed with a flame.

When mentioned, sonication was preformed in a bath sonicator for 10 minutes prior to freezing.

2.2 The spectrometer

All experiments were carried out in a hybrid pulsed-EPR-NMR spectrometer [61] at a magnetic

field of 3.4 T, which corresponds to a 1H-Larmor frequency of 144 MHz and an electron-

Larmor frequency of approximately 95 GHz. Synchronization between the EPR and NMR
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part of the spectrometer is possible and enables application of independent and simultaneous

RF and MW irradiation pulse schemes. Two MW channels are installed and can be operated

independently. A liquid helium flow cryostat positioned inside the magnet enables experiments

in the temperature range of 2.5 K - 80 K.

2.3 EPR measurements

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

experiments (not shown). Integrated echo intensities were recorded for all EPR experiments

using boxcar integration.

Electron spin-lattice relaxation times, T1e, were measured at ωMW = 94.866 GHz by saturation-

recovery experiments with an initial MW saturation pulse of 50 msec. Fitting of the data to

extract T1e values was done as described in Ref. [50].

ELDOR experiments (tMW -td-α-τ -α-τ -echo) were conducted by varying the frequency of

the excitation pulse, ωexcite, over a range of 400 MHz around the EPR spectrum. At each

frequency, the excitation was tMW = 1 sec long and was then followed by EPR echo detection

at a frequency ωdetect using a second MW channel. Before each experiment, the 1H nuclei were

saturated using a train of saturation pulses (as described below), in order to mimic the DNP

spectrum measurements. The repetition time in these experiments was set to 3 sec. Several

ELDOR curves were measured by placing ωdetect at 5 different frequencies across the EPR

spectrum. In the ELDOR case detection pulses of 450 nsec were used, with τ =1 µsec and td =

1 msec.

The echo detected (ED) EPR lineshapes were measured on a W-band spectrometer [62] at

10 K using pulses of π
2
= 30 nsec, π = 60 nsec and an echo delay time of τ = 550 nsec, with a

repetition time of 500 msec.

2.4 NMR measurements

The 13C-NMR signals were detected using a free induction decay (FID) detection after a π/2

RF pulse of a length of 16 µs. Because of the low sensitivity of the 13C signals in our setup

the 13C longitudinal relaxation times, T1C , were determined by measuring the decay of the13C

signal after hyperpolarization by a MW irradiation at ωMW = 94.84 GHz of tMW=200 sec at

6.5 K or tMW = 320 sec at 30 K. In all cases the resulting decay curves could be analyzed using

a single exponent. Before each 13C-NMR experiment the 13C signal was saturated by applying

a train of 100 alternating on-resonance x and y saturation pulses.

The 1H-NMR signals were detected using a solid echo detection ((π/2)x− τ − (π/2)u) with a

π/2 pulse of a length of 3 µs and τ = 23 usec. The proton longitudinal relaxation times, T1H ,

were measured by saturation recovery. In all cases the resulting curves could be analyzed using

a single exponent. Before each 1H-NMR experiment the 1H signal was saturated by applying a
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train of 20 alternating on-resonance x and y saturation pulses.

2.5 DNP measurements

Frequency swept DNP spectra were measured by applying MW irradiation of a length of tMW =

320 sec at 6.5 K, tMW = 80 sec at 10 K, or tMW = 900 sec at 30 K, for 13C-DNP, and of, tMW =

40 sec at 6.5 K or tMW = 60 sec at 30 K for 1H-DNP, at a MW frequency ωexcite varying between

94.5 GHz and 95.06 GHz, followed by 13C or 1H signal detection.

DNP buildup curves were measured using continuous MW irradiation at frequency ωexcite =

94.83 GHz (the frequency of the maximum of the main DNP spectrum) or ωexcite = 94.7 GHz

(the frequency of the maximum of the outer pair of spectral features) and with a varying

duration tMW prior to either the 13C or 1H signal detection.

All the DNP experiments began with a train of saturation pulses as described above.

2.6 DNP simulations on model systems and macroscopic systems

Numerical simulations of the spin dynamics in small spin systems were performed by evaluat-

ing the time evolution of the matrix elements of the spin density operator assuming a main

interaction Hamiltonian, H0 with Zeeman, hyperfine and dipolar interaction terms, and a MW

irradiation Hamiltonian, HMW . The methods of simulation are described in detail in Refs.

[9, 16, 63].

Calculations of the electron polarization distribution along the EPR spectrum during MW

irradiation are based on the phenomenological rate equation model recently introduced by

Hovav et al. for the simulation of the polarizations of the frequency bins composing this

spectrum [60]. A summary of these calculations are presented later in the paper. The electron

polarizations are used in order to calculate the basic lineshapes of the DNP spectra, which we

then use to analyze the experimental DNP spectra. This is done as recently described by Hovav

et al. [17].

3 DNP on model systems containing electrons and 13C, 1H

nuclei

Before showing the experimental13C-DNP data and their analysis, we first consider possible

DNP polarization mechanisms that are present in small spin systems. Here we restrict ourselves

to systems containing one or two electrons coupled to a 1H and a 13C nucleus. This discussion

provides a basis for the understanding of some of the DNP phenomena involving nuclei with

different gyromagnetic ratios, reported in the literature and also described in the experimental

part of this publication. In the following we present a summary of all DNP effects that can be

expected in these three-spin and four-spin model systems.

6
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3.1 {1H− e−13 C} model systems

3.1.1 Standard SE-DNP

The simplest DNP system containing 1H and 13C is the {1H−e−13C} system, with one electron

hyperfine coupled to both nuclei. The Hamiltonian of this system in the electron rotating frame

of a MW field of intensity ω1 applied at a frequency ωMW has the form

H0 = (ωe − ωMW )Sz − ωHHz − ωCCz + dHCHzCz (2)

+Az,eHSzHz +
1

2
(A±eHSzH

+ + A±eHSzH
−) + Az,eCSzCz +

1

2
(A±eCSzC

+ + A±eCSzC
−
z )

where Sp are the electron angular momentum operators with p = x, y, z and Hz, H
±,Cz and

C± are the angular momentum operator components of 1H and 13C. (ωe−ωMW ) is the electron

off-resonance frequency, Az,en and A±en are the secular and pseudo-secular coefficients of the

dipolar-hyperfine interactions between the electron e and nucleus n =1 H,13C, and dHC is the
1H−13 C heteronuclear dipolar interaction coefficient. During MW irradiation we must add to

H0 a term of MW irradiation with a strength ω1:

HMW = ω1Sx. (3)

7
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Figure 1: Energy level diagram of a (a) three spin system {1H− e− 13C} and of a (b) four spin
system {ea − eb − (1H,13 C)}. (a) The DQ transitions of the electron with one of the
nuclei are plotted in blue, the ZQ transitions of the electron with one of the nuclei
are plotted in green, and the SQ and TQ transitions of all three spins are plotted in
red. (b) The eight middle energy levels are plotted again in Fig. 3 as a function of
the energy level difference between the electrons.

This Hamiltonian can be represented by an 8 × 8 matrix spanned by the spin states of the

system with energies as shown in Fig. 1a. In this energy level diagram we can distinguish

between electron single quantum (SQe) transitions (∆me = ±1), double quantum (DQen)

and zero quantum (ZQen) transitions of the electron with 1H or 13C with |∆me + ∆mn| = 2

and |∆me + ∆mn| = 0, and combined single quantum, SQeHC , and triple quantum, TQeHC ,

transitions with |∆me + ∆m13C + ∆m1H | equal to 1 and 3. Irradiation on one of the DQen and

ZQen transitions at frequencies ωMW = ωe ± ωn will cause the standard positive and negative

SE-DNP enhancement of the n nucleus. This is plotted in Fig. 2, with a scheme showing the

different transitions below. The electron polarization is plotted in black, the 1H polarization in

magenta and the 13C polarization in blue. The polarizations are normalized according to the

thermal equilibrium polarization of the electron. The effective MW irradiation on the SE-DNP

transitions is of strength ωn1,eff = A±en
ωn
ω1, derived from perturbation theory [9, 64] and the degree

of enhancement is determined also by the electron and nuclear T1’s.
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Figure 2: Simulated DNP spectra of the three spin system {1H−e−13 C}. Plotted in the y-axis
are the 1H (magenta), 13C (blue) and electron (black) polarizations with respect to
the electron polarization at thermal equilibrium. The MW frequency scale is given
with respect to νref = 95 · 103 MHz: δνMW = ωMW/2π − νref . At the bottom are
plotted the transitions of the system. The red arrows mark the double-SE transitions:
TQeHC and SQeHC . The parameters used to simulate the DNP spectra are: T = 10
K, ωe = 95 GHz, ωH = 144 MHz, ωC = 36 MHz, Az,eH = 0 MHz, Az,eC = 0 MHz,
A±eH = 0.5 MHz, A±eC = 0.125 MHz, dHC = 0 MHz, ω1 = 0.5 MHz, T1e = 100 msec,
T1H = 100 sec, T1C = 500 sec, T2e = 20 usec, T2n = 100 usec. The 13C spectrum was
shifted by 2 MHz in the x direction so it would not cover the 1H polarization at the
double-SE transitions.

3.1.2 Double-SE-DNP

Nuclear enhancements are also observed during irradiation at the four higher order SQeHC

and TQeHC transitions. The frequencies of these transitions (see red arrows in Fig. 2) are

ωMW = ωe + ωH ± ωC and ωMW = ωe − ωH ± ωC and the effective MW irradiation strength

on these transitions is of the order of ωCH1,eff =
A±eHA

±
eC

ωHωC
ω1, also derived from perturbation theory

[9, 64]. These weak irradiations can cause nuclear polarization via a high order SE-DNP process,

named double-SE-DNP [36, 37], that results in narrow positive or negative lines in the DNP

spectrum. When detecting 13C signals, the double-SE induced enhancements appear at the MW

frequencies given above, with positive and negative polarizations, separated by 2ωC , around

both the DQeH and the ZQeH transitions. During 1H detection these enhancements appear at

the same four frequencies but on the DQeH side they are both positive and on the ZQeH side

they are both negative. In Fig. 2 the simulated frequency swept DNP spectra are shown for the

three-spin system. All 13C enhancement features mentioned here can be recognized (red arrows

in Fig. 2) and the frequency width of the double-SE-polarizations are narrow as expected from

9
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the weak ω1,eff .

The buildup characteristics of the four double-SE lines are determined by the strengths of the

effective irradiation and the relaxation parameters of the system (listed in the figure caption).

In real samples these double-SE features appear outside of the EPR spectrum when (ωH−ωC)

exceeds the width of this spectrum. Thus for narrow-line radicals such as trityl the convolu-

tion of the EPR lineshape with delta functions appearing at the double-SE frequencies can

reconstruct the DNP features that appear at both sides of the main DNP spectrum and that

should show the expected 2ωC separation between their positive and negative enhancements.

Because of the very low effective MW strength on the high order transitions the double-SE

enhancements are weaker than the standard SE.

3.2 {ea − eb − (1H,13 C)} systems

3.2.1 Degenerate energy levels

The next system that we consider is one containing two interacting electrons coupled to 1H and
13C nuclei: {ea− eb− (1H,13 C)}. The Hamiltonian of this system in the MW rotating frame is:

H0 = ωHHz + ωCCz +Dab(3Sz,aSz,b − Sa · Sb) + dHCHzCz

+
∑
e=a,b

[(ωe − ωMW )Sz,e + Az,eHSz,eHz +
1

2
(A±eHSz,eH

+ + A±eHSz,eH
−) (4)

+Az,eCSzCz +
1

2
(A±eCSz,eC

+ + A±eCSz,eC
−)]

where Dab is the electron-electron dipolar coupling constant. This system has 16 energy levels

(see Fig. 1b) and we again recognize the SQe, DQen and ZQen transitions and the combined

SQeHC and TQeHC transitions. In this four-spin system, the electron frequencies can satisfy

the 13C-CE-DNP conditions, |ωa−ωb| ≈ ωC , the 1H-CE-DNP conditions, |ωa−ωb| ≈ ωH , and

higher order CE conditions, as will be discussed below. We will not consider the case of two

electrons with ωa ≈ ωb, resulting in large mixing between the electrons.

A representation of the different possible CE conditions (i.e. energy level degeneracies) of the

four-spin system is shown in Fig. 3a, where the 8 middle energy levels are drawn as a function

of (ωa − ωb). Each degeneracy corresponds to an overlap between two of the SQ, DQ, ZQ and

TQ transitions as shown in Fig. 3b. We recognize 8 degeneracies: (2,2’) and (4,4’) the standard

CE-DNP conditions of 1H and 13C, respectively, and higher order CE-DNP conditions, (1,1’)

where |ωa − ωb| = ωH + ωC (and DQaH overlaps with ZQbC and ZQaH with DQbC), and (3,3’)

where |ωa−ωb| = ωH −ωC (and DQaH overlaps with DQbC and ZQaH with ZQbC). The nature

of these last two conditions and their effect on the DNP mechanisms will be discussed below,

but first we will concentrate on the standard CE conditions.

10
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Figure 3: (a) A diagram of the eight middle energy levels of a four spin system, {ea − eb −
(1H,13 C)}, as a function of the frequency difference between the electrons, ωa − ωb,
showing the different degeneracies possible in this system. The degeneracies corre-
spond to regular 1H-CE and 13C-CE conditions and high order CE conditions, as
listed in the figure legend. The full energy level diagram is plotted in Fig. 1. (b)
Sketches of the transitions of electron a (in blue) and electron b (in red) as a function
of the frequency difference between the electrons, ωa − ωb, showing the overlaps of
the transitions at the different CE conditions.
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3.2.2 The 13C−CE conditions {4,4’}

The direct 13C−CE:
At the CE condition (4), (ωb − ωa) = ωC , the SQa and ZQbC transitions overlap as well as

the DQaC and SQb transitions as shown in Fig. 4 (blue arrows). The small splittings of

the transitions are due to the electron-electron dipolar interaction. At this CE condition the

|βaαbαHβC > and |αaβbαHαC > states and the |βaαbβHβC > and |αaβbβHαC > states have

equal energies and mix because of small effective off diagonal matrix elements between them of

magnitude DabA
±
eC/ωC , as described by degenerate perturbation theory [10, 16, 64, 65, 66]. MW

irradiation at the SQa and SQb frequencies results in the standard 13C-CE-DNP enhancements

and irradiation at the non-overlapping ZQaC or DQbC frequencies results in reduced 13C-SE-

DNP enhancements (see Fig. 4). Similar enhancements are obtained for (4’), where (ωb−ωa) =

−ωC . The energy level diagram of this system at CE condition (4) is shown in the SI.
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Figure 4: Simulated DNP spectra of the four spin system {ea − eb − (1H,13 C)} at the 13C-
CE condition (condition 4). Plotted in the y-axis are the 1H (magenta), 13C (blue)
and electron (black, green) polarizations with respect to the electron polarizations at
thermal equilibrium. The MW frequency scale is given with respect to νref = 95 · 103

MHz: δνMW = ωMW/2π − νref . At the bottom are plotted the transitions of the
system. The blue arrows mark the overlapping 13C-CE transitions. The red arrows
mark the “proton shifted 13C-CE” transitions: DQaH , DQbH , ZQaH and ZQbH . The
parameters used to simulate the DNP spectra are: T = 10 K, ωa = 95 GHz, ωb =
94.9641 GHz, ωH = 144 MHz, ωC = 36 MHz, Dab = 3 MHz, Az,aH = Az,bH = 0
MHz, Az,aC = Az,bC = 0 MHz, A±aH = 0.5 MHz, A±bH = 0.125 MHz, A±aC = 0.125
MHz, A±bC = 0.0625 MHz, dHC = 0 MHz, ω1 = 0.5 MHz, T1e = 100 msec, T1H = 100
sec, T1C = 500 sec, T1eH = 1 sec, T1eC = 5 sec, T2e = 20 usec, T2n = 100 usec. The
13C spectrum was shifted by 2 MHz in the x direction so it would not cover the 1H
polarization at the SE transitions.

The indirect 13C−CE :

In order to describe the iCE-DNP mechanism in this system, we must extend the four-spin

system by adding an electron ec that interacts with the two existing electrons via a weak dipolar

coupling that leads to an electron spectral diffusion (eSD) process: {ec
eSD→ ea−eb− (1H,13 C)}.

When the system is at one of the 13C-CE conditions (4,4’), on-resonance MW irradiation at the

ec frequency ωc 6= ωa, ωb can cause a partial depolarization of the other electrons, resulting in

Pa 6= Pb , when the [ec − ea] and [ec − eb] eSD polarization exchange rates differ. The electron

polarization difference will then result in an enhancement of the 13C nucleus, according to Eq.

1 [17].
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The proton shifted direct13C-CE:

At the two 13C-CE conditions (4,4’) we also recognize that the DQeH and ZQeH transitions

of one electron e = a, b overlap with the SQe′HC or TQe′HC transitions of the other electron

e′ = b, a. Thus, at each of the 13C-CE conditions |ωa − ωb| = ωC there are four frequencies

where these spectral alignments occur, namely at ωa ± ωH and at ωb ± ωH (see red arrows

in Fig. 4 for (4) ). Irradiation at each of these frequencies results in 13C enhancement, as is

illustrated in Fig. 4 for (4) with ωa > ωb , with a {positive-negative and positive-negative}
pattern for increasing frequency. Note that in this description we ignore splitting caused by

the electron dipolar interaction. The distance between the positive and negative polarizations

is ωa − ωb = ωC and not 2ωC as in the three-spin system described above. The effective MW

strength at these four transitions is of the order of
A±eH
ωH

ω1, much stronger than
A±eHA

±
eC

ωHωC
ω1in the

double-SE case. Thus, while the electrons are at a 13C-CE condition, the MW irradiation on

the two ZQeH or two DQeH transitions generates 1H and 13C enhancements simultaneously.

The proton enhancements are a result of the standard 1H−SE mechanisms and the carbon

enhancements are a result of combined {1H-SE+13C-CE} mechanisms. This will be referred to

as the “proton shifted 13C-CE” mechanism from here on. A similar derivation can be presented

for the other CE condition (4’).

The appearance of proton shifted 13C-CE enhancements is a result of a direct saturation of

the ZQeH and DQeH transitions, together with effective cross-relaxation processes that become

active because of state mixing. For example, at the 13C-CE condition, when SQa and ZQbC

overlap, the states |βaαbαHβC > and |αaβbαHαC > are degenerate and a strong cross-relaxation

process, originating from T1e after diagonalization, becomes active at the transition

< βaβbβHαC | ⇐⇒
1√
2
{|βaαbαHβC > +|αaβbαHαC >}, (5)

which precisely corresponds to the irradiated DQaH and SQbHC transitions. The efficiency of

this mechanism is best investigated numerically. In the SI a short discussion about the proton

shifted 13C-CE is presented together with some numerical simulations.

The proton shifted indirect 13C-CE :

It is also possible to describe the “proton shifted indirect 13C-CE mechanism” that results in

enhancements, when the MW is applied at ωMW 6= ωe+ωH±ωC or ωMW 6= ωe−ωH±ωC , on a

system at its 13C-CE condition, |ωa−ωb| = ωC . In order to do so we again must extend the spin

system, this time by adding a third electron, ec, that is hyperfine coupled to a 1H nucleus and

does not have a significant dipolar interaction with ea and eb: {1H− ec
eSD→ ea− eb− (1H,13 C)}.

MW irradiation at ωMW=ωC ± ωH (ZQcH or DQcH) will partially saturate ec, which in turn

will depolarize ea and eb differently (Pa 6= Pb) when the [ec − ea] and [ec − eb] eSD polarization

exchange rates differ. The 13C polarization will then get a value according to Eq. 1 [17, 60].

This a direct analog to the 13C-iCE described above, but for the “proton shifted” case.

In powder samples containing 1H and 13C nuclei with inhomogeneously broadened EPR

spectra that are broader than ωC and narrower than ωH , excitation of the DQeH or ZQeH
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transitions outside the EPR spectrum causes electron depolarization via the standard1H-SE

process. This depolarization gets extended over the whole EPR spectrum by the eSD process

and generates an electron polarization gradient over the whole sample [60]. For electrons at a
13C-CE conditions this gradient can generate 13C polarization and therefore we refer to it as

the “proton shifted indirect 13C-CE” coming from the {1H-SE+13C-iCE} mechanism.

3.3 The1H-CE conditions at {2,2’}

The 1H-CE conditions (2,2’), with |ωa − ωb| = ωH , are analogous to the 13C-CE conditions de-

scribed above. Typical enhancement profiles are drawn in the SI and show the standard 1H-CE

enhancement when irradiating on the SQe electron transitions and standard SE enhancements

at ±ωH away from these transitions. In this system it is also possible to find the “carbon shifted
1H-CE”, i.e.1H enhancement when irradiating at the DQeC and ZQeC transitions at ωa±ωC and

ωb±ωC (red arrows in figure in the SI). This is equivalent to the proton shifted 13C-CE, though

with the parameters chosen the effect is not visible. Moreover, both the indirect 1H-CE and

the “carbon shifted indirect 1H-CE” can be described in a direct analog to what was described

above.

3.4 The {1H−13 C} heteronuclear CE mechanism {1,1’ ; 3,3’}

3.4.1 Steady state 1H-DNP and 13C-DNP enhancements

In the four-spin system, {ea− eb− (1H,13 C)}, we recognize also two high-order CE conditions:

|ωa − ωb| = ωH − ωC and |ωa − ωb| = ωH + ωC , respectively labeled (3,3’) and (1,1’) in Fig. 3.

These conditions are different from the other conditions in the sense that they are dependent on

the two Larmor frequencies of the nuclei. We therefore expect them to result in DNP effects that

correlate the two nuclear polarizations directly. Although no experimental evidence of these

effects will be shown here, we find it important to discuss their main DNP characteristics for

completeness of this discussion and will leave experimental verifications to a future publication.

At condition (3) transition SQa overlaps with SQbHC , and SQb overlaps with SQaHC and as a

result a degeneracy occurs between the states |βbαaβHαC > and |αbβaαHβC >. In addition the

DQaH and DQbC transitions overlap, as do the ZQaH and ZQbC transitions. These conditions

are depicted in Fig. 3. Similar conditions can be derived for the other high order CE conditions

(1,1’,3’) and the results are summarized in Table 1.

15

Page 15 of 35 Physical Chemistry Chemical Physics



CE-conditions

ωa − ωb =
degenerate states overlapping

CE transition

overlapping

transitions

1 ωH + ωC |βaαbβHβC > −
|αaβbαHαC >

SQa and SQbHC ,

SQb and TQaHC

DQaH and ZQbC ,

DQaC and ZQbH

1’ −ωH − ωC |βaαbαHαC > −
|αaβbβHβC >

SQa and TQbHC ,

SQb and SQaHC

ZQaC and DQbH ,

ZQaH and DQbC

3 ωH − ωC |βaαbβHαC > −
|αaβbαHβC >

SQa and SQbHC ,

SQb and SQaHC

DQaH and DQbC ,

ZQaH and ZQbC

3’ −ωH + ωC |βaαbαHβC > −
|αaβbβHαC >

SQa and SQbHC ,

SQb and SQaHC

DQaC and DQbH ,

ZQaC and ZQbH

Table 1: Summary of the high order CE conditions, including the degenerate states, the over-
lapping transitions which cause the degeneracy and additional overlapping transitions.

Inspection of the table reveals that these heteronuclear CE conditions degeneracies occur

between states that differ in both of the electron states, |αaβb >↔ |βaαb >, and simultaneously

in both of the nuclear states, |αHβC >↔ |βHαC > or |αHαC >↔ |βHβC >. No additional

cross-relaxation rates were added to the system, but as a result of the mixing between these

states, cross-relaxation processes induced by the spin-lattice relaxations, T1a and T1b, as well

as, possibly, by hyperfine fluctuations, creating heteronuclear cross-relaxation mechanisms (in-

volving electron and both types of nuclear spin flips), become significant. These processes

complicate the spin dynamics during MW irradiation and numerical spin-model calculations

of the nuclear enhancements are necessary to verify the consequences of MW irradiation on a

four-spin system at one of its heteronuclear CE conditions. Typical results of frequency swept
1H-DNP and 13C-DNP spectra are shown in Fig. 5 at condition (3) and in the SI at condition

(1). The parameters used for the simulation are given in the figure captions. These figures

show that at one of the heteronuclear CE conditions, MW irradiation results in 1H-DNP and
13C-DNP spectra that exhibit broad CE type enhancements at the SQ frequencies (blue arrows)

and narrow SE features at the frequencies of all ZQen and DQen transitions.
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Figure 5: Simulated DNP spectra of the four spin system {ea − eb − (1H,13 C)} at the 1H-13C-
CE condition (condition 3). Plotted in the y-axis are the 1H (magenta), 13C (blue)
and electron (black, green) polarizations with respect to the electron polarizations at
thermal equilibrium. The MW frequency scale is given with respect to νref = 95 · 103

MHz: δνMW = ωMW/2π − νref . At the bottom are plotted the transitions of the
system. The blue arrows mark the overlapping high order CE transitions. The red
arrows mark the overlapping transitions: DQaH with DQbC and ZQaH with ZQbC .
The parameters used to simulate the DNP spectra are: T = 10 K, ωa = 95 GHz,
ωb = 94.8920 GHz, ωH = 144 MHz, ωC = 36 MHz, Dab = 3 MHz, Az,aH = Az,bH = 0
MHz, Az,aC = Az,bC = 0 MHz, A±aH = 0.5 MHz, A±bH = 0 MHz, A±aC = 0.125 MHz,
A±bC = 0 MHz, dHC = 0 MHz, ω1 = 0.5 MHz, T1e = 100 msec, T1H = 100 sec,
T1C = 200 sec, T2e = 20 usec, T2n = 100 usec. The 13C spectrum was shifted by 2
MHz in the x direction so it would not cover the 1H polarization at the SE transitions.

In a direct analogy to Eq. 1, it is also possible to write a similar equation describing the

nuclear polarizations as a function of the electron polarizations at the heteronuclear CE condi-

tions. When the system is at one of the heteronuclear CE conditions both nuclei get polarized

with steady state values that can be simulation, and that satisfy the relation:

P1H ± P13C =
Pa − Pb
1− PaPb

(6)

for |ωa−ωb| = |ωH±ωC |, respectively. These simulations also showed that the individual values

of P1H and P13C are dependent on the spin lattice relaxation parameters, T1H and T1C , and

satisfy the following dependencies:
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P1H =
Pa − Pb

(1− PaPb)(1 + T1C
T1H

)
(7)

P13C = ± Pa − Pb
(1− PaPb)(1 + T1H

T1C
)

(8)

for |ωa − ωb| = |ωH ± ωC |, respectively. Thus for T1C �T1H most of the polarization resides at

the 13C nucleus, and the heteronuclear CE does hardly affects the 1H nucleus. These equalities

(Eqs. 1, 7 and 8) have been verified by a large set of simulations for systems with different

parameters. They are correct as long as the MW irradiation equally affects the two SQe

transitions of each electron equally (splitted due to the electron-electron dipolar interaction

and the secular term of the hyperfine interaction) [17]. Moreover, Eq. 1 is correct also at

thermal equilibrium while Eqs. 7 and 8 are correct only during on-resonance MW irradiation

on either electron ea or electron eb). Examples of these observations are shown in SI.

3.4.2 The time evolution of the 1H-DNP and 13C-DNP enhancements

The buildup of the polarization over time during MW irradiation and the polarization decay

after switching it off can also be studied in the four-spin system at one of its heteronuclear

CE conditions. To that aim, we simulated, as an example, the time behavior of the nuclear

polarizations during and after MW irradiation on the SQb frequency of a system slightly removed

from the heteronuclear CE condition. The results in Figs 6a,c are from a system close to

condition (3) and Figs. 6b,d close to condition (1).

As can be seen in Fig. 6a,b, due to the strong state mixing both 1H and 13C polarizations

buildup in a time of the order of T1e. The polarizations then redistribute in the timescale of

the order of T1H (< T1C) to reach their DNP steady state values. After shutting off the MW

irradiation the nuclei reach equal or opposite average polarization in a time much longer than

T1e, which is followed by the decay of both nuclear polarization to their thermal equilibrium

values in the timescale of the order of T1H (< T1C). The fact that the system is not exactly

at a heteronuclear CE condition results in a slight slowing down of the equilibration processes

between the nuclei.

At the heteronuclear CE conditions polarization exchange processes between the nuclei can

take place. This can be demonstrated by saturating the 13C polarization immediately after

the MW irradiation is switched off and by following the temporal 1H and 13C polarizations in

the absence of MW irradiation. A simulation of such an experiment is shown in Figs. 6c,d.

After saturation of the 13C nucleus, the nuclei again reach an equal or opposite polarization

in a short time. Thus we detect a partial recovery of the 13C polarization on account of the
1H polarization. It is worth noting that when the 1H is selectively saturated its polarization

also recovers to some extent, on account of the 13C polarization, however when both nuclei

are polarized and then fully saturated none of the polarizations recover beyond their thermal

values.
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Figure 6: Simulated DNP buildup and decay curves are plotted for the four spin system {ea −
eb−(1H,13 C)}, in (a) and (c) at the 1H-13C-CE condition (3) and in (b) and (d) at the
1H-13C-CE condition (3). In all four panels polarization buildup curves are plotted up
to tMW =500 sec, after which in (a,b) we plot polarization decay curves and in (c,d) we
plot decay curves after saturation of the 13C nucleus. Plotted are the 1H (magenta)
and 13C (blue) polarizations with respect to the electron polarizations at thermal
equilibrium. The parameters used to simulate the DNP spectra are: For condition
(3): ωMW = ωb MHz, ωa = 95 GHz, ωb = 94.8920 GHz. For condition (1): ωMW = ωb
MHz, ωa = 95 GHz, ωb = 94.820 GHz. For both conditions: T = 10 K, ωH = 144
MHz, ωC = 36 MHz, Dab = 3 MHz,Az,aH = Az,bH = 0 MHz, Az,aC = Az,bC = 0
MHz, A±aH = 0.5 MHz, A±bH = 0 MHz, A±aC = 0.125 MHz, A±bC = 0 MHz, dHC = 0
MHz, ω1 = 0.5 MHz, T1e = 100 msec, T1H = 100 sec, T1C = 200 sec, T2e = 20 usec,
T2n = 100 usec.

3.4.3 The two spin indirect {1H−13 C}-CE mechanism (1,1’ ; 3,3’)

In order to incorporate the enhancements obtained when the spin system is at one of its

heteronuclear CE conditions (1,1’; 3,3’) into the indirect-CE mechanisms, we extend the four

spin system by adding an additional electron that is very weakly coupled to the two existing

electrons and leads to spectral diffusion, {ec
eSD→ ea−eb−(1H,13 C)}. Irradiating at the resonance

frequency ωMW = ωc of ec can again create a partial depolarization of ea and eb with Pa 6= Pb.

When the system is at one of the heteronuclear CE conditions both nuclei get polarized with

steady state values given according to Eqs. 6, 7 and 8.

Up to this point we concentrated on defining the effects seen in small spin systems. In a real

sample with many electrons at different frequencies we expect that both of these heteronuclear

CE (1,1’,3,3’) are active simultaneously. As a result we should observe polarization exchange

phenomena between the two types of nuclei in samples that are both polarized. Many observa-

tions are reported in the literature that have shown connectivity between nuclear polarizations

and that were interpreted using TM mechanisms [37, 38]. The iCE extension of the heteronu-

clear CE mechanism must thus be further developed in an effort to verify which of the observed
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polarization cross-talk phenomena can be explained by it. The present discussion must, how-

ever, be continued on the basis of experimental observations because of the complexity of the

spin dynamics of systems at these heteronuclear CE conditions.

4 Experimental results

In the following section we will describe experimental EPR, NMR and DNP results from a

sample of 15 mM trityl. In this work we will express the frequencies in units of MHz, with

respect to a reference frequency νref = 94.863 GHz such that instead of ωξ we will write

δνξ = ωξ/2π− νref . In addition, in the next part of the work the experimental MW irradiation

frequency will be referred to as ωexcite, such that it’s frequency will be denoted as δνexcite =

ωexcite/2π − νref .

4.1 DNP spectra

13C-DNP spectra of the trityl sample were measured at 6.5 K with a MW irradiation time of

tMW=320 sec and at 30 K with tMW = 900 sec, and are shown in Fig. 7a. In the center of

the spectrum we observe a regular 13C-DNP lineshape with positive enhancement at the lower

frequency and negative enhancement at the high frequency range. Additionally, we observe

spectral features at the sides of the main DNP spectrum, outside of the EPR spectrum. These

features can be divided into two sets: one appearing around ±144 MHz, with typical positive-

negative DNP spectral lineshapes, and another around +100 MHz and −91 MHz, also showing

positive-negative lineshapes. Note that the outer pair of lineshapes are centered at the proton

Larmor frequency ωH = 144 MHz, while the inner pair of shapes appear at frequencies which

do not correspond to any Larmor frequency in the system. Both the inner and the outer pairs

have positive and negative enhancements separated by ωC/2π = 36 MHz. Although they were

measured far from the steady state of the system (tMW < T1C), the buildup time experiments

suggest that their shapes resemble the shape of the steady state DNP spectra. As can be seen in

Fig. 7a, there is no change in the relative intensity of the outer pair of features in the 13C-DNP

spectrum between 6.5 K and 30 K. Because the thermal equilibrium signal was not measured

due to signal to noise ratio problems, the DNP spectra in Fig. 7a are normalized and do not

show the actual enhancement values.

In order to identify the nature of the inner lineshapes, the sample was sonicated as described

in Section 2.1. 13C-DNP spectra measured at 10 K before and after sonication are shown in

the SI. After sonication the inner pair of spectral features disappeared, but the outer pair

remained. From this we must conclude that the inner and outer spectral features are separate

effects. The disappearance of the inner pair after sonication suggests that the inner set is

related to a dimerization or clustering of the trityl radicals during sample preparation, causing

large electron-electron interactions similar to what was described in Ref. [67]. After sonication

these dimers or clusters are largely disrupted to a level that the inner DNP effects disappear.

The presence (or absence) of these dimers or clusters did not influence the EPR spectra, which
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suggests their low abundance (EPR data not shown). All other experimental data in this work

were conducted on a non-sonicated sample.

The non-sonicated steady state1H-DNP spectra at 6.5 K and 30 K are shown in Fig. 7b.

Here we clearly see that the 1H-DNP mechanism is determined by the SE, showing strong

hyperpolarizations outside the EPR spectrum position. The width of the positive and negative

enhancement profiles increases slightly as the temperature is lowered, likely a consequence of

the lengthening of the nuclear relaxation times. There is also a small feature observed at the

center of the 1H-DNP spectrum though the effect is too small to be considered further in this

work and must be studied with care.

Figure 7: (a) Normalized (a) 13C-DNP spectra and (b) 1H-DNP spectra measured at 6.5 K (red)
and 30 K (black). The 13C-DNP spectra at 6.5 K were measured with tMW =320 sec
and the spectrum at 30 K was measured with tMW = 900 sec. The 1H-DNP spectra
were all measured with tMW =40 sec at 6.5 K and tMW =60 sec at 30 K. Plotted
above is the ED-EPR spectrum. The parameters of the experiments are listed in the
Methods section. The lines in this figure are to guide the eye. The MW frequency
scale is given with respect to νref = 94.863 · 103 MHz.
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4.2 Relaxation times

The electron, proton and carbon spin-lattice relaxation times T1e, T1H , T1C , and the 13C-DNP

buildup times at δνexcite = −33 MHz and δνexcite = −163 MHz, Tbu,33 and Tbu,163, respectively,

were also recorded. All three T1 relaxation times increase as the temperature is lowered (see

Table 2). The buildup times at the two frequencies are equal, within experimental error, at all

temperatures and at 6.5 K they are shorter than T1C while at at 30 K they become of the order

of T1C . Because Tbu,33 ≈ Tbu,163 at all temperatures, significant changes in the DNP lineshapes

are not expected during their buildup and the recorded normalized spectra should resemble the

normalized steady state enhancement lineshapes.

T T1e (msec) T1H (sec) T1C (sec) Tbu,33(sec) Tbu,163(sec)

6.5 K 512±22 215±43 2048±213 1473±67 1627±178
30 K 46±2 34±4 1087±270 826±140 495±300

Table 2: Relaxation times, DNP buildup times as a function of temperature. The errors repre-
sent the 95% confidence interval of the timescale parameters resulting from the fitting
procedure of the electron and nuclear saturation recovery curves, DNP buildup curves
and DNP decay curves.

4.3 ELDOR spectra

In addition to the DNP spectra, we measured ELDOR spectra as a function of different detection

frequencies δνdetect.

Each ELDOR spectrum, Eexp
excite(δνexcite), shows the EPR echo intensity detected, at a fre-

quency δνdetect, as a function of the frequency δνexcite of a MW pulse applied prior to the echo

detection. These spectra can be seen in Fig. 8. In this figure the ELDOR spectra are nor-

malized with respect to thermal equilibrium electron polarization at δνdetect. As can be clearly

seen, when δνexcite = δνdetect the echo intensity becomes zero, indicating that the electrons at

that frequency become saturated due to on-resonance irradiation on the SQ transition of the

electrons at δνdetect. When δνexite is far from δνdetect the detected electrons stay fully polarized.

When the excitation frequency is δνdetect ± δνH a partial saturation of the SQ electron transi-

tions at δνdetect is detected due to irradiation on the DQeH and ZQeH transitions. Irradiation

at the DQeC and ZQeC frequencies of the 13C nuclei, δνdetect ± δνC , did not result in visible

effects on the echo signals. Note that at 30 K there are interesting effects of hyperpolarization

and depolarization of the electron, previously observed by Hovav et al. in ELDOR a sample of

trityl with natural abundance 13C [60].
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Figure 8: Experimental ELDOR spectra at (a) 6.5 K and (b) 30 K. The spectra were measured
at several detection frequencies: (black) δνdetect =-32 MHz, (red) δνdetect =-16 MHz,
(blue) δνdetect =0 MHz, (magenta) δνdetect =16 MHz and (green) δνdetect =32 MHz.
Plotted above is the ED-EPR spectrum of the sample. The MW frequency scale is
given with respect to νref = 94.863 · 103 MHz.

The set of ELDOR spectra, Eexp
excite(δνexcite), measured at different δνdetect frequencies can

be combined to generate a 2D ELDOR contour plot of the normalized electron polariza-

tion as a function of the detection frequency δνdetect and the excitation frequencies δνexcite:

Ee(δνexcite, δνdetect). Simulations of Pe(δνdetect; δνexcite) contours will give the electron polar-

ization across the EPR frequency δνdetect for different δνexcite frequencies [60]. These electron

polarization profiles will then be used to calculate the effect of the electron depolarization on

the shapes of the DNP spectra [17], as will be discussed in the next section.

5 Analysis of the DNP Spectra

At this point we consider which of the mechanisms discussed in Section 3 are responsible for

the features observed in the DNP spectra. It is already possible to narrow down the list just

by realizing that the trityl EPR linewidth is at its base ∼100 MHz, which is smaller than the
1H Larmor frequency, ωH =144 MHz, which means that the 1H-DNP spectrum in Fig. 7b must

be solely determined by the SE mechanism. The 13C Larmor frequency is ωC =36 MHz, which

means that the only CE conditions possible in the sample are the regular 13C-CE conditions

with |ωa − ωb| = ωC (4 and 4’ in Fig. 3). Because the heteronuclear CE conditions cannot

be satisfied (|ωH − ωC | = 108 MHz and |ωH + ωC | = 180 MHz), the only possible active DNP

mechanisms in the 13C-DNP spectrum in Fig. 7a are the SE, the standard dCE and iCE, the
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double-SE and the proton shifted dCE and iCE. The proton shifted 13C-iCE can be considered

as part of the general 13C-iCE since the 1H-SE contributions to the electron depolarization are

included in the overall electron polarization distribution.

In our previous studies we neglected the influence of the eSD process on the electron polar-

izations when calculating the basic lineshapes of the different DNP mechanisms [49, 50, 54, 55].

However, in the present study we take this into account and we calculate the basic 1H-SE-DNP,
13C-SE-DNP, 13C-CE-DNP and 13C-iCE-DNP lineshapes, using electron polarization profiles

derived from ELDOR experiments and the equations presented in Section 4.3.

5.1 Simulating electron polarization distributions

The polarization of the electrons Pe(δνdetect; δνexcite) at different frequencies δνdetect during MW

irradiation at δνexcite can be derived from the 2D ELDOR experiments resulting in the po-

larizations Eexp
excite(δνexcite) as a function of δνexcite for different detection frequencies δνdetect,

as described in Section 2.3. These polarization profiles can be calculated by solving a set of

coupled rate equations for the polarizations Pe,j of the electrons in fixed frequency bins j, and

an average nuclear polarization Pn representing all nuclei of one type in the system. Each bin

j has a frequency δνj, a width ∆bin and a relative intensity fj, composing the normalized EPR

spectrum, as was recently described in [60]. The rate equation model includes the effects of the

MW irradiation, the eSD process and the relaxation times of the electrons and nuclei, and in

addition takes into account the EPR lineshape of the electrons and their relative concentration

with respect to the nuclear concentration. Thus the parameters entering this model are MW

intensity ν1, a coefficient ΛeSD defining the eSD process and determining the maximum polar-

ization exchange rate between neighboring bins, T eSDmax , the relaxation times T1e, T2e and T1n

and the normalized EPR lineshape f(νe). In addition the SE is taken into account by adding

effective MW irradiation rates to the coupled equations, determined by a pseudo-hyperfine co-

efficient A that represents the interaction between the electrons and the nuclei. To apply this

model in order to analyze the ELDOR data in our case, the nuclear parameters used were those

of the proton.

Solving these rate equations results in the electron polarization Pe,j(t) of each bin for a fixed

MW frequency δνexcite. By using the measured rate constants (T1e and T1n) and fitting the

parameters (T2e, ΛeSD and A) it is then possible to simulate ELDOR spectra Esim
excite(δνexcite)

that fit the experimental data, Eexp
excite(δνexcite) for the different δνdetect values. With the same

parameters we can generate the electron polarization profiles, Pe(δνdetect; δνexcite). These profiles

form the basis from which the basic DNP lineshapes of the different mechanisms can be derived.

Using this procedure, and considering only the abundant 1H nuclei in the sample, the tem-

perature dependent ELDOR spectra of trityl (see Fig. 8) were analyzed and the results for 6.5

K are shown in of Fig. 9. The fitting of the 30K data is shown in the SI. Overall, the fits are

good in all cases, though they are better the closer δνdetect is to the center of the EPR spectrum.

At 30 K the fitting does not look as good as at the lower temperature because of additional

effects of electron hyperpolarization and depolarization effects that were previously described
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in Ref. [60]. The 1H-SE mechanism manifests itself in strong depolarizations at the frequencies

of the DQeH and ZQeH transitions. The 13C-SE transitions are not visible and therefore an

addition of a 13C polarization to the rate equations was not necessary. The parameters used for

these fits are given in Table 3. The large increase in T1e when going from 30 K to 6.5 K must

be the cause of the large change in the widths of the ELDOR spectra. This change necessitated

a change in the fitting parameter ΛeSDas a function of temperature, with a larger value in the

30 K case, in order to make up for the shortening of T1e. The A parameter were chosen to be

independent of temperature. At 6.5 K, ΛeSD can be varied from about 0.3 to 0.75 µsec−3, and

T2e, can be varied from 85 to 195 µsec without significantly affecting the ELDOR fits. At 30 K

the ranges are 2 to 4.5 µsec−3 for ΛeSD and 65 to 150 µsec for T2e. The two sets of simulated

ELDOR spectra can be combined to give simulated 2D ELDOR contours (shown in the SI)

that will be used for the simulations of the 1H and 13C DNP spectra at the two temperatures.

T
(K)

T1e
(msec)

T1n
(sec)

T2e
(µsec)

A
(MHz)

ΛeSD

(µsec−3)
T eSD

(msec)

13C-SE 13C-iCE

6.5 534 215 130 0.1 0.5 0.1686 0.45 0.65
30 46 34 100 0.1 3 0.0281 0.45 0.75

Table 3: The parameters used to calculate the ELDOR spectra and the contribution of SE and
iCE (at the maximum of each, respectively) needed in order to fit the DNP spectra.
At both temperatures the MW irradiation strength was 0.6 MHz and ∆bin = 2 MHz.
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Figure 9: Fitting of the ELDOR spectra measured at 6.5 K and at different ωdetect frequencies,
marked by the black arrows. The experimental data (black circles) are overlaid on
the fits (magenta lines). The black arrows mark the detection frequencies: (a) -32
MHz, (b) -16 MHz, (c) 0 MHz, (d) 16 MHz and (e) 32 MHz. The parameters used
for the fitting are given in Table 3. The MW frequency scale is given with respect to
νref = 94.863 · 103 MHz.
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5.2 Simulation of the basic SE-DNP, CE-DNP and iCE-DNP spectra

After calculating the Pe(δνdetect; δνexcite) profiles, we can use them to simulate the basic DNP

lineshapes of the SE, CE, and iCE.

The MW frequency dependence of the 1H and 13C SE-DNP lineshapes can be obtained by us-

ing these profiles and assuming that the nuclear polarization is proportional to the polarizations

of the electrons contributing to the SE enhancement and their relative numbers [17]:

SnSE(δνexcite) = N−1SE{fe−Pe(δνexcite − δνn; δνexcite) − fe+Pe(δνexcite + δνn; δνexcite)} (9)

where for n =1 H or 13C, and the relative intensities fe± are probabilities to find electrons at

δνexcite ± ωn, respectively, calculated from the normalized ED-EPR spectrum (shown in Figs.

7 and 8). N−1SE is a normalization factor for each SnSE(δνe).

The 1H-DNP and 13C-dCE-DNP lineshapes can be calculated as following:

SndCE(δνexcite) = N−1dCEfe{fe−sCE−(δνexcite)− fe+sCE+(δνexcite)} (10)

with

sCE±(δνexcite) =
Pe(δνexcite; δνexcite)− Pe(δνexcite ± δνn; δνexcite)

1− Pe(δνexcite; δνexcite)Pe(δνexcite ± δνn; δνexcite)
(11)

and where fe is the probability to find electrons at δνexcite and N−1M is a factor normalizing the

SnM(δνexcite)’s for M=SE or dCE.

Similarly, the iCE-DNP lineshape can be calculated by taking into account all pairs of CE

electrons and not just the ones that are directly affected by the MW irradiation:

SniCE(δνexcite) = N−1iCE
∑
j

fjfj−
Pe(δνj; δνexcite)− Pe(δνj − δνn; δνexcite)

1− Pe(δνj; δνexcite)Pe(δνj − δνn; δνexcite)
(12)

where δνj is the frequency of the j bin of the EPR line, the relative intensities of the EPR

line, fj and fj−, are the probabilities to find electrons at δνj and δνj − δνn, respectively, and

N−1iCE is a factor that normalizes the SniCE(δνe)’s. The sum over j represents all pairs of electrons

separated by δνn (all CE electron pairs) within the whole frequency range of the EPR spectrum.

As an example, the simulated normalized 1H-SE-DNP, 13C-SE-DNP, 13C-dCE-DNP and 13C-

iCE-DNP lineshapes at 6.5 K are shown in Fig. 10. The SE-DNP shapes (magenta) look as

expected, with positive and negative enhancement around ∓δνn from the center, respectively,

for both the 1H and 13C nuclei. The 13C-iCE-DNP shape (blue) is more complex and can be

split into two parts: the main DNP effect, with positive and negative enhancement ∓1
2
δνC

from the center, and the additional DNP features with positive and negative enhancement

δνH ∓ 1
2
νC and −δνH ∓ 1

2
δνC from the center. These additional DNP effects correspond to the

proton shifted 13C-CE (condition 4 and 4’ in Fig. 3) mechanisms discussed for the four spin

system {ea − eb − (1H,13 C)} in Section 3.2.2. The 13C-dCE-DNP (green) and 13C-iCE-DNP

shapes are similar around the center of the main DNP effect, but the13C-dCE-DNP is narrower
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and does not show the proton shifted 13C-CE.

Figure 10: Simulated powder DNP spectra, SnM(δνe), where n =1 H or 13C and M=SE, dCE
or iCE, used to fit the 6.5 K experimental DNP spectra: (a) the 1H-SE (magenta)
and (b) the 13C-SE (magenta), the 13C-dCE (green) and the 13C-iCE (blue). The
electron polarization used was simulated using the parameters given in Table 3. The
MW frequency scale is given with respect to νref = 94.863 · 103 MHz.

5.3 Results of the DNP analysis

The normalized experimental spectra can now be analyzed by fitting them to a linear combi-

nation of the normalized basic SnC(δνexcite), S
n
iCE(δνexcite) and SnCE(δνexcite) DNP spectra:

En(δνexcite) = kSES
n
SE(δνexcite) + kdCES

n
dCE(δνexcite) + kiCE(SniCE(δνexcite)− SniCE,0) + cneq, (13)

where the cneq is added to account for the thermal equilibrium value. The reason for the sub-

traction of the thermal equilibrium value SniCE,0 from the iCE contribution is explained in Ref.

[17]. We begin with fitting of the 13C-DNP spectra shown in Fig. 7a. These fits are adjusted

by eye and are shown in Fig. 11 (cyan line). For both temperatures the basic DNP shapes

were calculated using the electron polarization obtained from the ELDOR analysis. From the

compositions we see that the main part of the 13C-DNP spectrum is a sum of 13C-SE and 13C-

iCE contributions and that the extra features at ±144 MHz result from the 13C-iCE process

through the proton shifted 13C-CE. These extra features show the expected frequency separa-

tion between the positive and negative enhancements, ωC , just as in the experiment. In order
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to simplify the fitting procedure we decided to set kdCE = 0. Moreover, the dCE contributing

electrons are part of the sum in Eq. 12, which means that they were taken into account when

calculating the basic iCE shape. However, it is important to note that in general the dCE and

iCE enhancement contributions might be different because of different relaxation mechanisms

involved. In the 6.5 K DNP spectrum we ignored the extra features caused by clustering or

dimerization of the trityl radicals. The contributions of the SE and the iCE to the normalized
13C-DNP are given in Table 3. Note that the sum kSE + kdCE + kiCE need not be equal to 1

because the SE, dCE and iCE shapes are normalized with respect to their maximums, which

fall at different frequencies. The SE contribution, kSE, is equal at both temperatures, while

the iCE contribution, kiCE, increases slightly at 6.5 K. The contribution of the iCE results in

an overestimation of the intensities of the extra spectral features at 6.5 K, this could have been

corrected if the dCE shape would have been taken into account.

In order to fit the1H-DNP spectra shown in Fig. 7b, just the 1H-SE-DNP mechanism was

needed, as expected. The fits of the 1H data are plotted in the SI.

Figure 11: 13C experimental DNP spectrum (symbols) measured at (a) 6.5 K and (b) 30K
overlaid with the best fit (cyan). The components which make up the best fit: the
SE (magenta) and the iCE (blue). The sum of these two shapes with the intensities
as shown in the figure gives the fit (cyan). The MW frequency scale is given with
respect to νref = 94.863 · 103 MHz.
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6 Discussion

In this work we discussed the DNP enhancements in systems containing two types of polarizable

nuclei. DNP on heteronuclear spin systems often results in interesting phenomenon such as the

polarization enhancement of one nucleus during MW irradiation at the “forbidden” transition

frequencies of another nucleus [36, 37, 41, 45, 58, 59]. In an effort to explain these features

we first examined the three spin system {1H − e −13 C} and simulated DNP spectra using

the “double-SE” mechanism, as described by de Boer [36, 37]. Subsequently, we moved on to

examining the four spin system {ea − eb − (1H,13 C)}. Inspection of the energy levels of this

system revealed eight possible energy level degeneracies that result in the four standard 1H

and 13C-CE conditions, (2,2’,4,4’), with |ωa − ωb| = ωn where n = 1H or 13C, and the four

“heteronuclear” CE conditions, (1,1’,3,3’), with |ωa − ωb| = ωH ± ωC .

At the standard13C-CE conditions (4,4’) we found that it is possible to obtain 13C enhance-

ments when irradiating on the DQeH and ZQeH transitions, corresponding to 1H, an effect

which we called the “proton-shifted 13C-CE”. This {1H-SE+13C-CE} mechanism can also be

extended to include the iCE mechanism when we consider large spin systems [17]. The DQeH

and ZQeH transitions creates an electron polarization gradient over the EPR line and there-

fore causes a significant enhancement of the 13C nuclei via the proton-shifted 13C-iCE. The

frequency separation between the positive and negative enhancements of the proton shifted
13C-CE is ωC .

At the “heteronuclear” CE conditions there is mixing of states involving both nuclei in the

system, which results in possible cross talk between the nuclei. Subsequently, both nuclei are

enhanced no matter which DQen or ZQen transition, with n =1 H or 13C, is irradiated. In

addition, after polarization of both nuclei and saturation of one of them, the saturated nucleus

recovers some of its polarization at the expense of the other nucleus.

Experimental 1H-DNP and 13C-DNP spectra were collected at 6.5 K and 30 K, on a sample

containing 15 mM trityl in a glass forming solution of 13C-glycerol/H2O. The 1H-DNP spectrum

could be attributed to the 1H-SE mechanism, as expected. The 13C-DNP spectrum showed the

main DNP feature around the frequency position of the maximum of the EPR line, ωe, and

additional DNP features at ∼ ωe/2π ± 95 MHz and at the 1H-SE-DNP frequencies, ωe/2π ±
ωH/2π = ωe/2π ± 144 MHz. The frequency separation between the positive and negative

enhancements of both features was ωC . The inner features, at ∼ ωe/2π ± 95 MHz, decreased

significantly after sonication of the sample, and were likely related to dimerization or clusters

of trityl radicals. The analysis of the 13C-DNP spectra was done using a sum of the basic
13C-SE and 13C-iCE lineshapes. The 13C-iCE included the main DNP effect and the proton-

shifted 13C-iCE mechanism that was used to account for the outer features. As a function

of temperature, we see that the SE contribution does not change while the iCE contribution

increases slightly at 6.5 K. This is different from the analysis in our previous work where the

SE was dominant at low temperatures, and there was a mixture of the SE and the dCE [54].

In this case the iCE contributes to the enhancement of what was previously thought to to be a

SE contribution, this is because the iCE effectively includes the SE in it, through the electrons.
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This analysis was possible after conducting ELDOR experiments, simulating them and then

calculating the basic shapes of the SE and iCE from the simulated electron polarization dis-

tribution. Deviations between the experimental and simulated 13C-DNP spectra could have

possibly been corrected by introducing 13C-dCE contributions. However, we decided to leave

more accurate analysis for future work where time dependent features of the DNP lineshapes

and their actual amplitudes will be investigated.

In this publication we have concentrated on defining the DNP effects appearing in small spin

systems. In future studies these DNP effects must be extended to describe experimental obser-

vations of the cross-talk between the nuclei, reported in the literature, and usually attributed to

Thermal Mixing (TM) [19, 37, 38, 56, 39, 40]. In order to do so, the enhancement mechanisms

in model systems must be transferred to large spin systems with many electrons. This can

be done, first, by extending the iCE-DNP mechanism, while taking into account observations

that are derived from the TM description. To do so, further investigations of the heteronuclear

high order CE conditions must be performed and their influence on the observed enhancements

must be checked experimentally.
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