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Abstract 

In dynamic nuclear polarization (DNP) experiments performed under static 

conditions at 1.4 K we show that the presence of 1 mM Gd(III)-DOTAREM 

increases the 13C polarization and decreases the 13C polarization buildup time of 

13C-urea dissolved in samples containing water/DMSO mixtures with trityl radical 

(OX063) concentrations of 10 mM or higher. To account for these observations 

further measurements were carried out at 6.5 K, using a combined EPR and 

NMR spectrometer. At this temperature, frequency swept DNP spectra of 

samples with 5 or 10 mM OX063 were measured, with and without 1 mM Gd-

DOTA, and again a 13C enhancement gain was observed due to the presence of 

Gd-DOTA.  These measurements were complemented by electron-electron 

double resonance (ELDOR) measurements to quantitate the effect of the 

electron spectral diffusion (eSD) and its effect on the DNP enhancements and 

lineshapes. Simulations of the ELDOR spectra were done using the following 

parameters: i) a parameter defining the rate of the eSD process, ii) an “effective 

electron-proton anisotropic hyperfine interaction parameter”, and iii) the 

transverse electron spin relaxation time of OX063. These parameters, together 

with the longitudinal electron spin relaxation time, measured by EPR, were used 

to calculate the frequency profile of the electron polarization. This, in turn, was 

used to calculate two basic solid effect (SE) and indirect cross effect (iCE) DNP 

spectra. A properly weighted combination of these two normalized DNP spectra 

provided a very good fit of the experimental DNP spectra. The best fit simulation 

parameters reveal that the addition of Gd(III)-DOTA causes an increase in both 
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the SE and the iCE contributions by similar amounts, and that the increase in the 

overall DNP enhancements is a result of narrowing of the ELDOR spectra 

(increased electron polarization gradient across the EPR line). These changes in 

the electron depolarization profile are a combined result of shortening of the 

longitudinal and transverse electron spin relaxation times, as well as an increase 

in the eSD rate and in the effective electron-proton anisotropic hyperfine 

interaction parameter.  
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Introduction 

In Dynamic Nuclear Polarization (DNP) the electron spin Boltzmann population 

distribution of a paramagnetic center is transferred to the neighboring nuclei via 

the irradiation with a microwave (MW) field, yielding significant enhancement of 

the NMR signal. DNP was theorized by Overhauser in 1953,1 and then brilliantly 

demonstrated by Carver and Slichter shortly after.2 In the last decade, DNP has 

regained interest within the NMR and MRI communities thanks to the 

methodological breakthroughs, the introduction of high power MW sources and 

further hardware developments, the synthesis of optimized paramagnetic centers 

as a source of polarization, and progress in sample optimization. Among the 

most significant developments of the past few years are the incorporation of 

magic angle spinning NMR to DNP and the introduction of dissolution DNP.3-6 

Dissolution DNP has gained importance for its applications in high-resolution 

NMR and also for imaging using hyperpolarized metabolic substrates.7-13 In the 

quest for improved sample preparation conditions, several groups have shown 

that the use of Gd dopants, such as those commonly used as contrast agents for 

MRI, increase the overall enhancement gained from DNP at liquid-helium 

temperature in static solid samples.14-17 However, at 240 GHz the addition of Gd 

caused a decrease in enhancement.18 The mechanism that leads to this increase 

at 95 GHz, but to a decrease at 240 GHz, is still an open question. 

Dissolution DNP experiments are performed by polarization of the sample, 

usually at ~3.5 T and very low temperatures (below 4 K), and then fast heating 

and dissolution of the sample in order to observe the liquid-state NMR spectra at 
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higher magnetic fields (>6 T). This method takes advantage of the large DNP 

enhancements achievable in the solid state at very low temperatures along with 

the large thermal polarization at these temperatures.4 Dissolution DNP 

experiments are commonly performed using the available commercial instrument 

HyperSense (Oxford Instruments, UK), where 13C polarization is achieved at 3.35 

T and 1.4 K.4 

DNP of samples that are dielectric solids can be explained in terms of four 

mechanisms: Solid Effect (SE),19 Cross Effect (CE),20 Thermal Mixing (TM)21-23 

and Overhauser Effect (OE).1 The first two are mostly encountered under the 

experimental conditions currently used in MAS-DNP and dissolution DNP,24-34 

whereas the OE has been recently observed in MAS-DNP at higher magnetic 

fields.35 

The SE-DNP mechanism relies on MW irradiation at electron-nuclear zero 

quantum (ZQ) and double quantum (DQ) "forbidden" transition frequencies for 

polarization transfer from the electrons to coupled nuclei. These transitions 

become allowed due to the mixing of the nuclear and electron spin states caused 

by the presence of anisotropic hyperfine coupling, which is mainly dipolar in 

origin. 

The CE-DNP enhancement mechanism relies on the presence of nuclei coupled 

to a pair of interacting electrons, with resonance frequencies 1Sω  and 2Sω  

separated by the nuclear Larmor frequency nω . In a recent publication the 

quantum mechanics underlying the CE mechanism has been re-examined and a 
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distinction has been made between the direct (dCE) and indirect (iCE) cross 

effect.36 In particular, it was shown analytically that the dCE and iCE mechanisms 

arise from MW irradiation that either directly saturates one of the transitions of 

the CE electron pairs (dCE-DNP) or saturates the transitions of other electrons 

which then indirectly depolarize the CE electron pairs (iCE-DNP) via electron 

spectral diffusion (eSD). In the same paper it was also shown that at steady state 

conditions the dCE mechanism becomes part of the iCE mechanism and that the 

two mechanisms can differ in their buildup dynamics. 

TM is a thermodynamic description of DNP, with an electron spin bath that is 

cooled by MW irradiation, and a nuclear spin bath that is cooled by contact with 

the electron spin bath.29;37 

Generally, the DNP spectrum, i.e. the NMR enhancement as a function of the 

MW frequency, is a good marker for the underlying DNP mechanism as each 

mechanism should result in a particular lineshape. 

In this manuscript we explore experimentally and theoretically the observed 

improvement in the DNP enhancement due to Gd(III) at 95 GHz. Relying on the 

iCE-DNP mechanism36;38 and the nuclear spin diffusion mechanism34;39;40 we 

provide an easy-to-understand picture of the ongoing phenomena. We show an 

increase in the urea 13C-signal and a shortening of the electron spin-lattice 

relaxation time, T1e, when adding Gd(III). We then show that shortening T1e i) 

decreases the overall electron depolarization and ii) increases the polarization 

Page 6 of 38Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



7 

 

gradient across the EPR line and consequently causes an increase of the 

nuclear polarization. 

Experimental Methods and Simulations 

Sample preparation. All samples were prepared by dissolving 6 M 13C-urea in a 

DMSO/H2O 50/50 v/v mixture. The trityl radical OX063 (Oxford Instr. Ltd, 

Abingdon, UK) was added to the solution with concentrations ranging from 2.5 to 

30 mM, with or without 1 mM Gd-DOTAREM (1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid Guerbert, Roissy CdG Cedex, France).  

Samples with OX063 concentrations of 5 and 10 mM were prepared according to 

Ref. 25, also by dissolving the appropriate amount of OX063 and 6 M 13C-urea in 

a DMSO/H2O 50/50 v/v mixture. In order to get 1.1 mM Gd-DOTA, 1.1 mM of 

GdCl3 (Sigma Aldrich, Israel) was added to the solutions, along with a slight 

excess of DOTA (Macrocyclics, U.S.A.). 

DNP experiments – 1.4K. The buildup time constants and the maximum 

polarization values of the urea 13C nuclei were measured with the HyperSense 

instrument (Oxford Instr., UK) for samples with OX063 concentration of 2.5, 5, 

7.5, 10, 15 and 30 mM, by polarizing at 3.35 T and 1.4 K for about 50 minutes. 

The build-up curves were obtained by acquiring signals every 200 s, using a 5° 

flip-angle. The buildup curves were fitted to estimate the buildup time constants 

and plateau values. In order to compare the DNP effect in the different samples, 

the value of the build-up plateau was rescaled according to the number of 13C 
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nuclei present in the sample. These experiments were performed with a MW 

power of 85 mW.  

 

Electron relaxation times, ELDOR experiments and DNP experiments – 6.5K.  

In this work we refer to all irradiation and Larmor frequencies with respect to a 

reference frequency, νref=94.86 GHz, such that instead of νξ, we will refer to δνξ 

=νξ − νref. 

Electron relaxation times, T1e, ELDOR and DNP measurements were performed 

on the four samples with OX063 concentration of 5 or 10 mM, with and without 

Gd-DOTA using the combined EPR and NMR spectrometer described in Ref. 41. 

All measurements were conducted at 6.5 K. The MW irradiation strength was 

measured by nutation experiments and found to be ~600 kHz in all cases. 

T1e values were determined by saturation recovery experiments at the frequency 

of the maximum of the EPR spectrum, δνMW=6 MHz. The electron signal was 

detected using an α-τ-α echo detection scheme with α pulse lengths of 400 nsec, 

τ=600 nsec and a saturation pulse of 50 msec. 

ELDOR spectra were collected by irradiating for a time MWt =1 sec at a frequency 

excite
δν  followed by an EPR echo detection at a frequency 

tectde
δν . At each 

tectde
δν  the MW frequency excite

δν  was swept over a total range of ~400MHz 

around the EPR line. The echo signals were then normalized with respect to 
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echo signals detected after MW irradiation at a frequency significantly removed 

from the EPR line. ELDOR spectra were collected at five different 
tectde

δν   

frequencies (
tectde

δν =-32, -16, 0, 16 and 32 MHz, marked with black arrows in 

Fig. S1). The electron signal was detected using an α-τ-α echo detection scheme 

at 
tectde

δν   with α pulse lengths of 450 nsec  and τ =1000 nsec. 

The 13C buildup time constants were determined by measuring the 13C signal as 

a function of the MW irradiation time. 

The DNP spectra were acquired from 94.65 GHz to 95.06 GHz, in steps of 10 

MHz with 200 sec of irradiation at each MW frequency. For these measurements 

FID nuclear detection was used, with a 90° pulse length of 16 µsec. 

The 13C thermal equilibrium signal was not measured in this work due to low 13C 

sensitivity without DNP and long relaxation times making signal averaging 

unfeasible. As such we will not discuss enhancement, but only relative signal 

intensities between the four samples. 

  

The derivation of the DNP lineshapes.  This study is aimed at understanding the 

source of the increased nuclear enhancement due to the addition of Gd-DOTA to 

the samples. The main tool for this investigation is the analysis of the frequency 

swept DNP spectra of the four samples (5 mM and 10 mM) with and without Gd-

DOTA. In its present form this analysis does not predict absolute values of the 

bulk polarization but rather provides information about changes in their values.   
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In the following we present a brief summary of the theory we use for the analysis 

of the DNP spectra derived in a recent publication. The lineshapes of the DNP 

spectra can be calculated from the electron polarization profiles );( excitedetecteP δνδν  

along the EPR spectrum, as a function of detectδν , during MW irradiation at a given 

frequency excite
δν . As was previously shown24;36;38  these );( excitedetecteP δνδν   

profiles can be derived using best fit parameters determined by simulations of 

ELDOR spectra using the solution of a rate equation model describing the 

polarizations of the electrons in frequency bins and a single nucleus  

representing the bulk nucleus in the sample under the ELDOR conditions. 

In this model the electrons generating the EPR line are divided into a fixed 

number of frequency bins j (electron spin packets) with average frequencies 

je,
δν  and a width ∆bin, each containing a relative number jf  of electrons with 

polarizations )( jeP ν . The normalized EPR lineshape defines the jf  coefficients. 

The dynamics of the polarization of each bin depend on eT1 , the spin-spin 

relaxation time eT2 , the magnitude of the MW irradiation, ω1, and the electron 

spectral diffusion (eSD) process, defined by exchange rates eDS
jjw ',  derived from a 

eSD strength parameter ΛeSD  as follows: 

22

'

',
)2()( πδνδν

jj

eSD

eSD

jj
w

−
Λ

=    (1). 
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Using this expression it is possible to derive a time constant, 
eSDT
max ,  that 

describes the time it takes for two neighboring bins, jmax and jmax-1, at the 

maximum of the EPR line to equalize their polarizations. This time constant is of 

the form 

2

1maxmax

22

max
)(

)2()(21
1maxmax

−−

−

Λ
= −

ff
T

jj

eSD

eSD
πδνδν

   (2) 

and provides us with a parameter that expresses the timescale of the eSD 

process corresponding to any fitting parameter eSDΛ  and makes it possible to 

compare this timescale with the other time scales of the system. 

The influence of the protons on the electron polarizations is taken into account by 

adding to the rate equations the effect of the irradiation on the electron-proton 

ZQ/DQ transition (the proton SE) in the form of a proton-electron exchange rate 

that is proportional to an effective pseudo-hyperfine interaction parameter ±A  

representing the overall coupling between the electrons and the protons. The 

relative concentrations of the electrons and protons are also taken into account.31 

Thus in this model the free parameters determining the )(
je

P δν ’s and the 

);( excitedetecteP δνδν   profiles are eT2 , ±A  and eSDΛ , while all other parameters are 

derived from the EPR line shape or measured experimentally. It is important to 

note that the );( excitedetecteP δνδν   profiles are derived without relying on the TM 

formalism. Thus, there is no need to introduce electron spin-temperature 

coefficients. 
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As was explicitly shown in Ref. 36, and demonstrated in Ref. 24, the 

);( excitedetecteP δνδν   profiles can be used to calculate the basic SE-DNP, 

)(
MWSE

S δν , and iCE-DNP, )(
MWiCE

S δν , lineshapes. The steady state DNP 

spectra can then be expressed as  

eqiCEMWiCEiCEMWSESEMWC
cSSkSkE +−+= ))(()()(

0,13
δνδνδν ,   (3) 

where the k coefficients, kSE and kiCE, express the relative contributions of the two 

mechanisms, eq
c  is added to account for the thermal equilibrium value and the 

reason for the subtraction of the thermal equilibrium value 0,iCE
S  from the iCE 

contribution is explained in Ref. 36. As in our previous work,24;36 we do not take 

into account the dCE lineshape, as at steady state the electrons polarized by the 

dCE are included in the iCE calculation.  

The basic iCE-DNP spectrum, )(
MWiCE

S δν  is calculated by taking into account all 

CE electron pairs, with Larmor frequencies of e
δν  and Ce

δνδν − , where C
δν  is 

the 13C Larmor frequency, and their polarization differences 

);();(
MWCeeMWee

PP δνδνδνδνδν −− . The relative number of these electron 

pairs )()(
neee

ff δνδνδν −×  is also included into the calculation, such that the 

overall expression is: 

∫ −×−
−−

−×= −

);();(1

);();(
)()()( 1

MWCeeMWee

MWCeeMWee

CeeeiCEMWiCE
PP

PP
ffdNS

δνδνδνδνδν
δνδνδνδνδν

δνδνδνδνω  (4) 

where iCEN  is a normalization factor.  
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The basic SE-DNP spectrum, )(
MWSE

S δν , can be obtained by taking into 

account the ZQ and DQ irradiation effects on the electron polarization,  

);(
MWCMWe

P δνδνδν −   and );(
MWCMWe

P δνδνδν + , and the number of electrons 

at cMW
δνδν ± , )(

CMW
f δνδν −  and )(

CMW
f δνδν + : 

{ });()();()()(
1

MWCMWCMWMWCMWCMWSEMWSE
PfPfNS δνδνδνδνδνδνδνδνωδνδν −−−++= −  ,  (5) 

where 
1−

SEN  is a normalization factor. 

Calculating these contributions to the DNP spectra and determining iCEk  and 

SEk  enable us to simulate the experimental DNP data (Eq. 3). 

Results and discussion 

Measurements at 1.4 K 

Buildup curves were measured at 1.4 K for OX063 concentrations between 7.5 

and 30 mM. The curves could be fitted with a monoexponential function. The 13C 

buildup time constants and the maximum polarization achieved are reported in 

Fig. 1 and Table S1. As expected, the 13C buildup time decreases with increasing 

radical concentration (Fig. 1a). In the presence of Gd-DOTAREM the buildup 

time of urea 13C decreases by about 10-20% (see Table S1, this increase is not 

apparent in Fig. 1a due to the large range of the scale) for OX063 concentrations 

of 10-30 mM, differently from what reported for 13C pyruvate. 14;15 
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At variance with the high concentration cases, for OX063 concentrations of 2.5 

and 5 mM, both with and without Gd-DOTAREM, the buildup curves could not be 

nicely fitted with a monoexponential function; in these cases, a biexponential fit 

was thus performed, pointing to the presence of a minor component (of about 

10%) with a much shorter buildup time constant. For the sample with 2.5 mM 

OX063 concentration, the fast buildup time amounts to 520 s and 330 s without 

and with Gd-DOTAREM, respectively, whereas the slow buildup time constant is 

about 22000 s in both cases. As the buildup times of the observed bulk nuclei are 

in general of the order of, or somewhat shorter than, the nuclear nT1 , the short 

buildup components could be attributed to nuclei that are in close vicinity to the 

OX063 radicals. We may suggest that these very different time constants 

observed for very low OX063 concentrations refer to two pools of urea nuclei: the 

nuclei relatively far from the radical, that polarize slowly, and the nuclei closer to 

the radical. As the radical concentration increases, the relaxation time of the 

slower-relaxing pool of nuclei decreases, coming closer to the relaxation time of 

the faster relaxing nuclei and masking their contribution. 

We may speculate that the decrease in the buildup time constant observed in the 

presence of Gd-DOTAREM is a result of a shortening of the longitudinal 

relaxation times of the 13C nuclei surrounding the radicals. The latter may in turn 

be a result of a shortening of T1e of the OX063 electrons when Gd-DOTAREM is 

added to the sample (see next section). In fact, a decrease of the relaxation time 

p

n
T
1  of 13C nuclei of the urea molecules positioned within a few Å from the radical, 
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referred to as core nuclei, is expected from the dipole-dipole interaction with the 

OX063 electron according to the relationship 
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where dia

nn

p

n TTT 111 /1/1/1 −= , and  dia

nT1  is the nuclear nT1  in the absence of 

paramagnetic species in solution, eω  and 
C13ω  are the Larmor frequencies of the 

OX063 electron and of the 13C nucleus, respectively, eT1  and eT2  are the 

longitudinal and transverse electron relaxation times of the radical, S=1/2 and r is 

the OX063-urea 13C distance. For the expected values of eT1  and eT2  the above 

relationship may imply that a decrease in eT1  produces a decrease in 
p

nT1 . A 

more dramatic decrease of eT1  with respect to nT1   (see next section) upon 

addition of Gd(III) could be related to a small/negligible 
p

nT1  with respect to dia

nT1  

of bulk nuclei. The decrease of T1e occurring in the presence of Gd(III) could 

have the effect of decreasing the relaxation time of protons through their dipole-

dipole interaction with the OX063 and Gd(III)  radicals. On the other hand, the 

small change in the relaxation times of the 13C nuclei of urea would then be a 

result of the decrease of the nT1  of the protons coupled to 13C  nuclei with short 

p

nT1  via the nuclear dipole-dipole interactions.42 In the next section we will show 

that at 6.5 K there is indeed a decrease in T1e when Gd(III) is added to 5 mM and 

10 mM OX063 concentration samples. However, at this temperature, the 13C 

buildup time, which is of the order of T1n or shorter, does not change. 
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Presumably, this is because at these concentrations, the effect of T1e on the T1n 

of the core nuclei has a negligible effect on the bulk nuclei. 

As clearly shown in Fig. 1b, and in agreement with previous experiments on 

pyruvate,14;15 the urea 13C polarization increases sizably in the presence of Gd-

DOTAREM for OX063 concentrations of 10-30 mM. However, the polarization 

increases only marginally for low OX063 concentrations.  
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Figure 1. 13C buildup time constant (a) and maximum polarization (b) measured 

with HyperSense (3.35 T and 1.4 K) for samples 6 M 13C-urea with OX063 

concentration of 2.5, 5, 7.5, 10, 15 and 30 mM, with and without 1 mM Gd-DOTA. 

The values at 2.5 and 5 mM refer to the major components of the bi-exponential 

fit (see text). 

 

In order to rationalize the effects induced by the presence of Gd-DOTAREM on 

urea 13C polarization, as detected at 1.4 K, a series of new experiments were 

performed with a combined EPR and NMR spectrometer, also allowing 

Page 16 of 38Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



17 

 

acquisition of T1e values, ELDOR and DNP spectra under the same experimental 

conditions. Although these measurements were conducted at 6.5 K, we expect 

their DNP results to show the same trends observed at 1.4 K. This way, the DNP 

enhancements could be measured together with the detection of DNP spectra 

and their analysis using the information obtained from the ELDOR 

measurements. This analysis was conducted on samples with OX063 

concentrations of 5 and 10 mM, with and without 1.1 mM Gd-DOTA. These two 

concentrations were chosen, because they were expected to represent the 

transition from no effect of Gd(III) addition to an increased enhancement.   

 

ELDOR and DNP measurements at 6.5 K 

13C buildup measurements  

Measurements of the 13C buildup time constants were also performed for the four 

samples (5 mM and 10 mM, with and without Gd-DOTA) on the homebuilt DNP 

spectrometer 41. The values were measured at 6.5 K, except for the sample with 

10 mM OX063, where the temperature fluctuated between 7.5 K and 8.5 K.  The 

time constants were determined by following the buildup of the hyperpolarization 

as a function of the length of the MW irradiation and fitting the data with a single 

exponential function that gave satisfactory fits (Table 2). The relatively large 

errors are due to the fact that the fittings were done by leaving the steady state 

values as free parameters.  
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The buildup time constants should reflect the length of the urea 13C spin-lattice 

relaxation times, T1C, though they can be shorter.36;38;25;34 We note that they do 

not show any clear dependence on the OX063 concentration (in the 5-10 mM 

range) and in the presence of Gd-DOTA. The values are about 2000-3000 s, 

which is about 3-6 times shorter than what was measured at 1.4 K with the 

HyperSense. This is likely a result of the decrease in T1C with increasing 

temperatures. 

 

 

Electron spin relaxation measurements 

The electron spin relaxation times of OX063 (5 mM and 10 mM) in the presence 

and in the absence of Gd-DOTA were measured at =
MW

δν 6 MHz (which is the 

maximum of the EPR spectrum) and at 6.5 K (see Fig. 2) through saturation 

recovery experiments. The curves obtained for 10 mM OX063 concentrations, 

and 5 mM OX063 concentration in the presence of Gd-DOTA could be fitted with 

a single exponential. The curve obtained for the 5 mM sample in the absence of 

Gd-DOTA was fitted with a double exponential. The long timescale, which is 

responsible for 65% of the signal recovery, is considered to be 
e

T
1

, and the short 

timescale must be related to the eSD process. In the other samples we did not 

observe this eSD timescale, likely because it was fully suppressed due to the 

long saturation pulse. 
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The data, summarized in Table 2, clearly show that the presence of Gd-DOTA 

has the effect of decreasing the magnitude of the electron relaxation time of 

OX063 by an order of magnitude. This decrease can be ascribed to the dipole-

dipole interaction between the two types of paramagnetic centers. In fact, with 

the addition of the Gd-DOTA ions the electron relaxation rate of OX063 is 

increased according to:  

OX063Gd

e

Gd

e

Gd

e TTT −−+ += 111 /1/1/1 ,     (7) 

where 
OX063Gd

eT
−

1/1  is determined by their dipolar interactions and can be derived 

having the form:43 
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Here θi is the angle between the OX063–Gd(III) vector and the static magnetic 

field, ri is their distance, 1Sω  and 
2Sω  are the Larmor frequencies of OX063 and 

Gd(III), respectively, )(2 isτ  is the electronic (i=1, longitudinal; i=2, transverse) 

relaxation time of Gd(III) (the fast relaxing ion), and S2 the spin quantum number 

of Gd(III). The parameters determining the value of 
OX063Gd

eT
−

1/1 , such as the ri 

distance and the 21 SS ωω −  frequency difference, vary in the sample so that the 

value of 
OX063Gd

eT
−

1/1  is difficult to evaluate. However, it is apparent that the source 
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of the difference between the OX063 relaxation time in the absence (
Gd

eT
−
1 ) and in 

the presence (
Gd

eT
+
1 ) of Gd(III) is this dipolar interaction.  

 

 

Figure 2. Electron saturation recovery curves measured for 5 mM (blue circles) 

and 10 mM (red circles) OX063 in the presence (open symbols) and in the 

absence (filled symbols) of 1 mM Gd-DOTA, at 6=
MW

δν  MHz and 6.5 K. The 

inset shows a zoom in of the electron saturation recovery curves measured in the 

presence of 1 mM Gd-DOTA. 
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*Long timescale; **temperature between 7.5 and 8.5 K  

Table 2: OX063 electron spin relaxation times and urea 13C buildup time 

constants at 6.5 K  

 

Measurements of DNP spectra 

Fig. 3 shows the experimental frequency swept DNP spectra of the four 5 mM 

and 10 mM OX063 samples, with and without Gd-DOTA, measured at 6.5 K. For 

an easier comparison of the data the experimental spectra were rescaled such 

that the maximum enhancement of the 5 mM sample was set equal to 1. As a 

result we see that the maximum enhancement of the 5 mM sample with Gd-

DOTA is about 35% higher than that of the sample without Gd-DOTA. 

Furthermore the 10 mM samples without and with Gd-DOTA show maxima of 2.3 

and 3, respectively, again showing an increase of ~30% after the Gd-DOTA 

addition. 

 

 
T1e (ms) 13C buildup time (sec) 

5 mM OX063 494±29* 2592±700 

5 mM OX063 + 1mM Gd-
DOTA 

35±1 2962±630 

10 mM OX063 317±8 2440±400** 

10 mM OX063 + 1mM Gd-
DOTA 

24±1 2164±272 
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Figure 3. 13C-DNP spectra measured at 6 K of the (a) 5 mM, (b) 5 mM + Gd-

DOTA, (c) 10mM and (d) 10 mM + Gd-DOTA samples. The vertical axis in the 

figures are the 13C signals measured as a function of excite
δν , where the signals 

are normalized with respect to the signal of the 5 mM sample (a). 

 

ELDOR measurements 

For the same samples, ELDOR spectra were recorded at five different 
tectde

δν  

values (see Experimental method section). Two of the five ELDOR profiles for 

each sample are shown in Fig. 4 (black symbols) and the rest in the SI.  
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Each ELDOR spectrum shows the depolarization of the electrons at 
tectde

δν  

when the MW irradiation is placed at excite
δν . There are three distinct regions of 

electron depolarization. In the middle, between -80 and 80 MHz the 

depolarization of the electrons at 
tectde

δν  is due to on and off-resonance 

irradiation on the SQ electron transition (directly on the EPR line). On the low 

frequency (<-80 MHz) and high frequency (>80 MHz) sides the depolarization is 

due to irradiation on the electron-proton DQ and ZQ electron transitions, 

respectively. The overall width of the SQ, DQ and ZQ depolarizations is a mixture 

of both off-resonance irradiation on the detected transition and eSD which 

spreads the depolarization throughout the EPR line.38  

Fig. S5 shows the superimposed ELDOR spectra at the same OX063 

concentrations, with and without Gd-DOTA for better comparison. The ELDOR 

spectra with Gd-DOTA are clearly narrower than the ELDOR spectra without it. 

As such, it seems that the shortening of T1e when Gd-DOTA is added also 

causes a narrowing of the ELDOR lines.  

As can be seen the ELDOR profiles, the different sample compositions show 

different features that can be accounted for by analyzing these spectra using the 

method described in the “Experimental Methods and Simulations” section. 

For each of the four samples, all five ELDOR spectra acquired were 

simultaneously fit with the same set of three parameters ( eSDΛ , ±A  and 
eT2 ) and 

the experimental echo detected EPR line of the same sample measured on a W-
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Band EPR spectrometer. The longitudinal electron spin relaxation time, eT1 , 

used for the fitting was fixed according to the values reported in Table 2. Other 

parameters entering the model are the MW power, kHz6002/1 =πω ; the 

temperature, T=6.5 K; the irradiation time, tMW=1 sec; the electron bin width, set 

to 2 MHz; the electron spin concentration, set to the OX063 concentration; and 

the proton concentration, set to 100 M. The proton polarization is expected to 

have a spin-lattice relaxation time, HT1 , that is much longer than the timescale 

of the ELDOR experiment, and therefore its value in the simulations does not 

affect the ELDOR spectra. It is not necessary to take into account the 13C nuclei 

in the sample when calculating the ELDOR spectra, as good fits are obtained in 

their absence. This is consistent with previously published work on 13C DNP 36  

where only the 1H nuclei were needed in order to fit the ELDOR spectra. 

The values of the fitting parameters that result in the best fit of the ELDOR 

spectra are given in Table 3. For each fitting parameter we were able to give a 

range of values that give a good fit of the ELDOR spectra, also reported in Table 

3 in parentheses. The method of calculating this range is described in the SI.  

Examples of the best fits at two different detection frequencies are shown in Fig. 

4. The agreement between best fit profiles and experimental data is rather good 

for all the samples and for all the detection frequencies. All the features present 

in the spectra appear at the correct position, though in some cases the intensities 

do not fully match. 
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Figure 4. Best fit of the experimental ELDOR spectra (black symbols) with the 
model described in the text (magenta lines). The spectra here shown have been 
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acquired with detection frequencies of tectdeδν  =-32 MHz (left panels) and 
tectde

δν  

=0 MHz (right panels). Each row is a different sample: (a, b) 5 mM, (c, d) 5 mM + 
Gd-DOTA, (e, f) 10 mM and (g, h) 10 mM + Gd-DOTA. The fits were calculated 

using the parameters listed in Table 3, and 
n

T
1

=300 sec, T=6.5 K, ω1/2π=600 

kHz, tMW=1 sec, the electron bin width set to 2 MHz, the electron spin 
concentration set to the OX063 concentration, and the proton concentration set 
to 100 M. 

 

Sample 
eT1   

(ms) 

����
��� 

(ms) 

Λ
��� 

(µs-3) 

e
T
2  

(µs) 

±A  

(MHz) 

5 mM OX063 500 0.278 
0.23 

(0.15-0.3) 

600  

(550-650) 

0.055  

(0.04-0.07) 

5 mM OX063+ 1 

mM Gd-DOTA 
35 0.071 

0.9  

(0.7-1.1) 

190  

(133-250) 

0.12  

(0.09-0.14) 

10 mM OX063 300 0.091 
0.7 

(0.6-0.8) 

 300 

(250-350) 

0.065 

(0.05-0.08) 

10 mM OX063 + 

1 mM Gd-DOTA 
25 0.021 

3.1 

(2.9-3.2) 

75 

(70-80) 

0.155 

(0.14-0.17) 

 

Table 3. Most relevant parameters used to fit the ELDOR spectra; The best fit 

values as well as the acceptable ranges (in parenthesis) of eSDΛ , ±A  and eT2  

are provided, along with the experimentally-measured eT1  and the eSDTmax  

parameter derived from eSDΛ . These ranges are determined via a fitting 
procedure of the ELDOR data described in the SI. 
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The best fit values of the spectral diffusion parameter eSDΛ  of the four samples 

differ from each other. The values of eSDΛ  are expected to depend on the bin size 

used in our model, thus we calculate the time constants 
eSDTmax  (Eq. 2) in order to 

give insight into the timescale of the eSD. First we notice a 2-3 fold difference in 

eSDTmax  between the 5 mM and 10 mM samples. This should be attributed to the 

increase in the OX063 concentration. Next we see a decrease in 
eSDTmax  after 

addition of the Gd(III) that could be attributed to the decrease of the eT1  value. 

The decrease of 
eSDTmax  when adding Gd(III) may also be due to the increase in the 

total electron spin concentration in the Gd samples. In fact, these samples exhibit 

a broad Gd-DOTA EPR line that partially overlaps with the trityl EPR line. It is 

important to note, though, that we do not observe direct DNP enhancement 

originating from the Gd-DOTA electron spins in the sample.14 

To summarize, the analysis of the ELDOR spectra indicates that the three 

parameters eSDΛ , ±A  and eT2  change after the addition of Gd-DOTA. The main 

difference between the parameters of the 5 mM samples is a close to three-fold 

increase of eSDΛ  after the Gd-DOTA addition, which is may be a direct 

consequence of the ten-fold decrease of eT1 . For the 10 mM samples the eSDΛ  

parameter again increases by about a factor of three, again presumably due to 

the about ten-fold change in eT1 . For these samples the ±A  and eT2  parameters 

also change by around a factor of three. At this point we do not have an 

explanation for these changes.  
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Using the parameters in Table 3, );( excitedetecteP δνδν  profiles can be evaluated and 

used to simulate DNP spectra.  

Analysis of the DNP spectra  

Fig. 5 shows the experimental DNP spectra measured at 6.5 K, rescaled such 

that the maximum enhancement of the 5 mM OX063 sample was equal to 1, 

exactly as in Fig. 3. The experimental spectra are overlaid with simulated 

spectra: the overall fit and the individual contributions of the SE and iCE 

contributions. The simulated spectra were obtained using the best fit iCEk  and SEk  

coefficients according to Eq. 3, and were made up of the )(
MWiCE

S δν  and 

)(
MWSE

S δν  spectra, calculated according to Eqs. 4 and 5. )(
MWiCE

S δν  and 

)(
MWSE

S δν  were calculated using the EPR line and the electron polarization 

derived from the ELDOR spectra. The simulated spectra agree very well with the 

experimental ones, and the 
SEiCE

kk /  ratios hardly changed when Gd-DOTA was 

added (the iCEk  and SEk  coefficients are listed in Table 4). Consequently, it 

seems reasonable to conclude that the addition of Gd-DOTA increases both the 

SE and the iCE contributions to a similar extent. Note that the iCE shape also 

includes spectral features at ±144 MHz. These spectral features are due to 

contributions from 1H, and are discussed in detail in Ref. 24. The spectral features 

at ±100 MHz originating from radical clustering, will not be analyzed here.24 
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The )(
MWiCE

S δν and )(
MWSE

S δν  basic spectra of the 5 mM and 10 mM samples 

without Gd-DOTA were normalized to one by choosing proper iCE
N  and SEN  

factors. The basic spectra of the samples with Gd-DOTA were normalized with 

the same iCEN  and SEN  factors, such that their intensity could be compared to 

the intensity of the spectra without Gd-DOTA. The ratios between maximum 

values of the basic spectra 
max,max,

/
iCE

Gd

iCE
SS +

 and max,max,
/

SE

Gd

SE
SS+

 were found to 

both be ~1.2 for the 5 mM and 10 mM samples, meaning that ~20% of the 

increase in the signal when adding Gd-DOTA can be attributed solely to the 

narrowing of the ELDOR spectra (less electron saturation). This is close to the 

~30% experimental increase in the enhancement that was measured. It is 

however possible that some additional mechanisms also contribute to the 

increase in the enhancement (see below and SI).  

When comparing the DNP spectra of the 5 mM and 10 mM samples, we note an 

increase in the enhancement as a consequence of the increase of the OX063 

radical concentration, which causes an increase in the efficiency of the DNP 

processes. 

In the literature there are reports showing that adding Gd(III) at 3.4 T and 1.4 K 

can increase the 13C enhancement by a factor of 2 or even more,14;15 much 

higher than the factor of 1.3 obtained in our study. Whether these values can be 

explained solely by the increase of the polarization gradients has yet to be seen. 

An example showing that it is possible to obtain a factor of two in nuclear 

enhancement by decreasing the T1e in the ELDOR simulations is shown in the SI.  
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Moreover, it has been shown that at 6 T and 4 K, the addition of Gd(III) can also 

cause a decrease in nuclear enhancement.18 In the framework of our findings, 

this decrease should be a result of the creation of very steep electron polarization 

gradients, due to quenching of the eSD by the shortening of T1e through the 

addition of Gd(III). 

Here we should mention that there is another mechanism reported in the 

literature39;40 not connected to the electron depolarization of the EPR line, that 

also shows that shortening T1e can lead to some increase in enhancement. This 

mechanism has to do with the ability of polarizing electrons to polarize the bulk 

nuclei around them. This increase in polarization can be explained by the 

increase in the DNP turnover rate when T1e is decreased, i.e. the electron must 

recover quickly in order to effectively transfer its polarization to many nuclei. An 

example of this process is discussed in the SI, where we show that shortening 

T1e, in a model system containing a single electron coupled to a two-dimensional 

grid of nuclei, results in a growth of the enhancement.   
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Figure 5. Best fit (cyan) of the experimental DNP spectra, obtained by summing 

the individual contributions of the SE (magenta) and iCE (blue) contributions. The 

panels are: (a) 5 mM, (b) 5 mM + Gd-DOTA, (c) 10 mM and (d) 10 mM + Gd-

DOTA. The vertical axis in the figures are the 13C signals measured as a function 

of excite
δν , where the signals are normalized with respect to the signal of the 5 

mM sample (a). 

 

Sample kSE  kiCE  kSE/kiCE 

5 mM OX063 0.7 0.3 2.3 

5 mM OX063+ 1 mM Gd-DOTA 0.8 0.35 2.4 
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10 mM OX063 1.3 1.1 1.5 

10 mM OX063 +1 mM Gd-DOTA 1.4 1.2 1.3 

Table 4. Best fit weighting factors of the SE and iCE contributions, obtained from 

the analysis of the DNP spectra. 

 

Conclusions: 

In conclusion, we demonstrated that when the DNP spectra and the ELDOR 

spectra are analyzed simultaneously they can provide insight into the DNP 

mechanism. Our observations strengthen the notion that taking into account the 

electron polarization spread over the EPR spectrum due to eSD is necessary for 

the proper interpretation of the DNP data. It is important to remark that the 

present analysis also takes into account the fact that the electron depolarization 

is not only determined by the MW irradiation, the eSD mechanism and T1e, but 

also by the SE-DNP mechanism. The analysis indicates that the relative iCE/SE 

contributions do not change much in the presence or in the absence of 1 mM Gd-

DOTA, and that the increase in the overall DNP enhancements observed after 

addition of Gd-DOTA is a combined result of changes in T1e and all three 

parameters: T2e, 
eSDΛ , 	̅±. It is still unclear whether the mechanism responsible for 

changing the last two parameters depends on the changes in T1e or not; this will 

become clearer after the same kind of analysis of ELDOR and DNP 

measurements will be conducted on a variety of additional systems.  
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It is helpful to think of the overall nuclear enhancement in the following manner: 

when we apply MW irradiation we are partially saturating most of the EPR 

spectrum; a large part of this saturation is due to eSD. The polarization gradient 

formed during MW irradiation is what determines the DNP enhancement. In this 

work we show that an increase in nuclear enhancement by adding Gd-

DOTAREM is caused by a large polarization gradient across the EPR line. A 

20% enhancement increase could be explained by the increase of this gradient 

manifested in a narrowing of the ELDOR spectra, though 20% is somewhat lower 

than what was experimentally observed. Thus, as shown in the SI, it is possible 

that the decrease in T1e, increasing the turnover of electron polarization transfer 

to the nuclei, also contributes to the overall nuclear polarization. 

More combined ELDOR-DNP experiments are necessary to estimate the relative 

contributions of the different processes, and to understand exactly how the 

different parameters in our ELDOR simulations affect the final DNP 

enhancement. 
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