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Overhauser DNP enhancements of toluene were measured at a 

magnetic field of 0.35 Tesla in a series of chemically 

functionalized nitroxide radicals. We observe that the 

enhancements increase systematically with polarizer’s size and 

their rotational correlation time. Examination of the saturation 

factor for 14N nitroxides by pulsed ELDOR spectroscopy led to a 

quantitative interpretation of the enhancements, for which the 

saturation factor increases up to almost unity due to enhanced 

nuclear (14N) relaxation in the nitroxide radical. The observation 

has direct impact for the choice of optimum DNP polarizers in 

liquids.  

 

Nuclear magnetic resonance and imaging (NMR/MRI) are 

versatile techniques for non-destructive analysis of molecules and 

biosystems. The sensitivity of these techniques depends on the NMR 

absorption intensity, which is proportional to the nuclear spin 

polarization. At room temperature and currently available NMR 

magnetic fields this quantity amounts to a fraction of a percent. 

Dynamic nuclear polarization (DNP) provides a mean to enhance 

this polarization and to improve the performance of NMR based 

techniques. This method relies on polarization transfer from electron 

spins to surrounding nuclei and can enhance the nuclear spin 

polarization by orders of magnitude.1-4  

In liquids, DNP is governed by the Overhauser mechanism,5,6 

which describes the signal enhancement ε as: 

           
Ie /1 γγξε ⋅⋅⋅−= fs                    (1) 

where, γe, γI are the electron and nuclear gyromagnetic ratios, and s, 

f, ξ are the saturation, leakage and coupling factors, respectively.6,7 

The Overhauser parameters (s, f, ξ) depend on the polarizer/solvent 

system and experimental conditions, such as magnetic field, 

microwave (MW) excitation efficiency and sample temperature.8-17 

If DNP is performed with electron spins in Boltzmann equilibrium, 

the parameters s and f can achieve values between 0 and 1 whereas ξ 

has a maximal value of +0.5 for pure dipolar and of -1 for pure 

scalar relaxation, which affords a maximum enhancement of 660. 

Nevertheless, DNP enhancements might be substantially improved if 

the electron spins, which transfer their polarization to the nuclei, are 

far from thermal equilibrium, i.e. in polarized triplet states via 

optical excitation.18,19 Nitroxide radicals can also be polarized 

optically in solution when they are covalently linked to dyes, such as 

fullerenes20,21 or ferrocenes22. However, in the context of liquid DNP 

it is not clear whether a functionalization of the commonly employed 

nitroxide polarizers, e.g. TEMPOL (2,2,6,6-tetramethylpiperidine 1-

oxyl), might attenuate or even destroy their large DNP efficiency.  

To explore this new avenue, we have synthesized a series of 

nitroxide derivatives functionalized with a fullerene C60 (Fig.1, SI1). 

Additional introduction of side chains into the fullerene cage 

increases the molecular size and the solubility in water (after 

removal of the protecting groups –tBOC).23 Despite of the solubility 

of FN-2a and FN-3a in water, the complete series of sample is 

soluble only in non-polar solvents like toluene, which in turn for 

DNP have the advantage of low dielectric losses. The EPR lines of 

the compounds (Fig.1) in toluene display three well-resolved 

nitroxide hyperfine (hf) lines (Fig. S2) consistent with spectra in the 

fast motion regime. We have recently reported that coupling factors 

of TEMPOL (TL) with 1H in toluene and water are very similar and 

both controlled by solvent diffusion.24 Thus, for all these combined 

reasons, we employ toluene as a model solvent system for the 

current DNP investigation. Here, we report the low-field (0.35 T/9.7 

GHz) DNP performance of these fullerene-nitroxide derivatives. We 

have observed an unexpected increase of the DNP efficiency with 

the polarizer size, which led us to investigate the effective saturation 

factor using pulsed electron-electron double resonance (ELDOR).  
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Fig.1 Fullerene-nitroxide derivatives investigated in DNP experiments (red cycle: link position).

1H-NMR toluene spectra were measured at 0.35 T in toluene 

solution doped with ~1.5 mM polarizer, which is close to the 

maximal concentration achievable for compound FN. After 

microwave irradiation in resonance with the central hf line of the 14N 

nitroxide, FN-2a displays a DNP enhancement of -110 and -87 for 

the ring and methyl protons, respectively (Fig.2a). Details of the 

DNP experimental setup and evaluation of the enhancements were 

reported previously and are summarized in the SI (SI2, SI3).10, 24 The 

negative sign of the enhancement indicates the dominance of dipolar 

relaxation in the polarization transfer mechanism. This is also valid 

for all other polarizers studied in this work. The DNP enhancements 

for the series of polarizers in toluene at  same concentration are 

presented in Fig. 2b for comparison. The enhancement increases 

from TL to FN-2a and then drops slightly in FN-3a. Because the 

molecular weight increases from TEMPOL to FN-3a, the result 

suggests some favorable role of the polarizer size in the observed 

DNP behavior. However, presuming a DNP mechanism controlled 

by translational diffusion,25 which is still to be demonstrated, it is not 

expected that the coupling factors increase with molecular weight. 

Therefore, to examine how the Overhauser parameters in eq. 1 are 

affected by the polarizer sizes, we have measured the saturation 

factors using the pulsed ELDOR approach for a 14N-nitroxide 

polarizer with three hf transitions. In this experiment, the EPR free 

induction decay (FID) of one hf line is recorded as a function of the 

microwave frequency of a pumping pulse (Fig.3a inset).26 A 

reduction of the FID signal occurs when the pumping pulse is 

resonant with one of the three hf transitions. The largest signal 

reduction always appears when the pumping frequency coincides 

with the detection frequency. The other signal reductions reflect 

saturation transfer from a pumped hf line to the observed one.    

The saturation factor s when pumping on one fixed hf transition is 

given by the average of the saturation factors of the individual lines 

(s1, s2, s3 are for the low field, central field and high field hf lines, 

respectively): 

3

321 sss
s

++
=    (2) 

In contrast to the two-line case of 15N-nitroxide radicals,26 s1, s2 

and s3 in 14N-nitroxide radicals has to be determined from three  

ELDOR experiments, in which the detection is set once at the time 

on each hf line consecutively. 
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Fig.2 (a) Boltzmann (blue) and DNP (red) 14 MHz 1H-NMR spectra 

recorded in toluene solution of FN-2a. (b) DNP enhancements for both ring 
and methyl protons of toluene with different polarizers. Experimental details: 

samples were degassed by three freeze–pump–thaw cycles, c ~ 1.5 mM, 

volume ~20 µL, 1 or 8 scans for DNP and 128 scans for Boltzmann 
measurements. MW irradiation was set on the central hf line, Pmw ≈ 3 W, tirrad. 

= 20 s. Errors are about ± 5%, as also previously reported.
24

 

 

To illustrate this procedure, we display the ELDOR experiments on 

the TL and the FN-2a samples in Fig.3. In all cases, we observe a 

complete suppression of the FID when the pumping and detection 

frequencies coincide. Under such a condition the saturation transfer 

a) 

b) 
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to the neighboring hf lines reaches the maximum and the obtained 

saturation factor from the ELDOR experiments corresponds to the 

maximally achievable s in DNP experiments  (smax).
26-28 For 

instance, when pumping on the central hf line, s2 reaches 1 (green 

curves in Fig. 3, central peak) and the corresponding s1 and s3 are 

given by the reductions of the central peaks in the red and blue 

curves, respectively. The smax for pumping on the central hf line 

could then be calculated according to eq. 2. Additionally, the smax for 

pumping on either one of the other two hf lines could be obtained in 

a similar way. While for TL (Fig.3a) the saturation factor appears 

not dependent on the choice of the pumped hf line, for the FN-2a 

sample it does and the largest saturation factor is observed for 

pumping on the central hf line, indicating that this is the optimal 

setup for DNP. 
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Fig.3 Normalized FID intensity of TL (a) and FN-2a (b) as a function of the 

pumping ELDOR frequency. Experimental conditions: c ~ 1.5 mM, tπ/2 = 24 
ns; tpump = 1 µs; B1 ~ 2−3 G. The length of the pump pulse was adjusted to 

observed a complete saturation of the pumped line and to reach steady state. 

Inset: pulse sequence in the ELDOR saturation experiment. 

To relate the observed s from the ELDOR to the s in the DNP 

experiment, the pumped line in DNP must also be completely 

saturated, as in the ELDOR experiments. An independent 

measurement of the power dependence of the central hf line (Fig. 

S3) showed that at the microwave power used in DNP (CW 

irradiation with Pmw ≈ 3 W) this line is indeed completely saturated 

in all samples (s2 ≈ 1). Therefore, in our DNP experiments, the 

saturation transfer is maximal and s equals to that extracted from the 

ELDOR experiments. The obtained values of s when pumping the 

central hf line for all samples are listed in Table 1 (ELDOR spectra 

for other samples are shown in Fig. S4). We found that s increases 

with polarizer size, with a value of 0.71 for TL up to 0.95 for FN-2a 

and FN-3a. Such high saturation values are very unusual at these 

low polarizer concentrations (~1.5 mM). For comparison, a similar 

saturation value can be achieved with TEMPO-2H-15N only at ≥ 5 

mM concentration in toluene or ≥ 25 mM in water.24, 26  

In order to investigate the origin of the increased saturation factors, 

we analyzed the population dynamics during saturation transfer by 

recording polarization recovery EPR (PR-EPR) and ELDOR (PR-

ELDOR) curves for all samples in toluene (Fig. 4 and Fig.S5). The  

pulse sequence for both types of experiments was described earlier 
24,26,29  and is shown in the inset of Fig.4. For the polarization 

recovery process in the 14N-nitroxide radical, the evolution of the 

detected FID signals i1,2,3 (index denotes the hf line) after a pumping 

pulse can be described within a model that takes into account 

electron and 14N nuclear-spin lattice relaxation as well as Heisenberg 

exchange. This model is discussed in details in SI4 and leads to a 

triple exponential behaviour29 (i = 1, 2, 3) of the hf lines:  

( ) ( )tNKww

i

tNKww

i

tw

ii
xnexnee eCeBeAI

++−++−− ++= 2322
    (3) 

where 2we, 2wn are the electron and nuclear spin-lattice relaxation 

rates (1/T1e = 2we, 1/T1n = 2wn), respectively, Kx, is the normalized 

Heisenberg spin exchange rate per mole and N is the polarizer 

concentration. A detailed derivation of this equation is presented in 

SI4. The amplitudes (A, B, C) are given by the initial conditions and 

eigenvectors. Particularly, when pumping the central hf line the 

triple exponential model is reduced to a bi-exponential one with the 

last term in eq. 3 vanished (eq. 14 in SI). Therefore, to determine all 

three rates 2we, 2wn and KxN, experiments with pumping either on 

the high or low field hf lines are required. Representative data for 

pumping on the high field line are displayed in Fig. 4 (data for all 

other samples are shown in Fig. S5). Fitting of three recovery curves 

with shared exponentials delivers values for 2we, 2wn and KxN rates. 

The values of 2we and 2wn, expressed as T1e and T1n, as well as Kx for 

all samples are listed in Table 1.  
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Fig.4 Polarization Recovery (PR) curves and fits (solid lines) of the FN-2a 
FID for pumping on the high field line and detect at the same line (PR-EPR, 

blue triangles) or on one of the other hf lines (PR-ELDOR, green circles and 

red squares). Exp. conditions: c ~ 1.5 mM, tπ/2 = 24 ns; tpump = 0.1 µs; B1 ~ 
2−3 G; The length of the pump pulse is here shorter as steady state is not 

required. Inset: pulse sequence for PR-ELDOR and PR-EPR. 

  The results show that the electron spin-lattice relaxation rate 2we 

and Heisenberg exchange rate Kx decrease with the size of the 

nitroxide derivative, while the 14N nuclear relaxation rate (2wn) 

increases. After determination of the rotational correlation time of 

each sample from CW EPR spectra (Fig. S2 and Table 1), we plot 

the rates 2wn and KxN against the rotational correlation time in Fig.5. 

The 14N nuclear relaxation increases with correlation time and 

crosses over the Heisenberg exchange rate (for 1.5 mM polarizer) at 

a correlation time around ~0.15 ns. Such an increase in nuclear 

relaxation rate finds some precedents in ELDORs studies of the 15N-

TEMPO radical in solvent of different viscosities30 as well as studies 

a) 

b) 
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of spin labeled lipids.29 In solution of nitroxide radicals, the 14N 

nuclear relaxation in this dynamic range (ps-ns) was proposed to be 

governed by electron-nuclear dipolar mechanism.30 This has 

contributions from two spectral densities centered at the electron 

Larmor ωe and at the nuclear resonance frequencies ωn, the latter 

dominated by the hyperfine coupling:30,31 

 

          






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+
⋅

+
+

⋅
⋅=

2222

1 1
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1
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cn
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ce
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n

k
T τω

τ
τω

τ                                           (4) 

 

The rotational correlation time τc of all our samples in toluene falls 

in a regime of ≤ 1 ns, for which the spectral density J(ωn) increases 

with the rotational correlation time, as displayed in a simulation in 

Fig.S6.  
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Fig.5 14N ���
��
	(2wn) and KxN (N≡c ≈ 1.5 mM) from polarization recovery 

spectra, as a function of the rotational correlation time of the nitroxide 

derivatives. Values of ���
��
	for TL and FN and value of KxN for FN-3a turned 

out negligible in the fits and are given as a upper limits. An error of up to 

20% was estimated by repeated experiments at various concentrations. 

 

  To elucidate the direct role of 14N nuclear-spin lattice relaxation in 

the saturation factor, we have derived analytical solutions for the 

saturation transfer (ELDOR) between hf lines (SI4). When saturating 

the central hf line (s2 = 1), the maximal saturation factors s1 and s3 of 

the other hf lines are given by: 

( )NKw
w

ss

xn

e

++
−==

3
6

1
1

1
131

  (5) 

These expressions appear mostly consistent with those given in Ref. 

32 for the  I =1 system, however the definition of some factors in 

Ref. 32 is not entirely clear. While Heisenberg exchange rate 

decreases with molecular size (Fig.5), because proportional to the 

diffusion constant,32-34 eq. 5 shows that the nuclear relaxation rate wn 

combined with we is responsible for the observed increase of the 

saturation factors in our samples. To check for consistency between 

the theory (eq. 5) and the ELDOR data, we calculated the maximal s1 

and s3 according to eq. 5 and with values of Table 1. The obtained 

values (Table S2) show good agreement with the ELDOR 

experiments within uncertainties of 10 to 15 %.  

  Moreover nuclear relaxation and Heisenberg exchange exhibit 

different dependence on the polarizer concentration (eq. 5). We 

measured s in TL and FN-2a for a series of concentrations from 

ELDOR experiments (Fig. 6).  As expected, the s in TL solutions 

increases with polarizer concentration due to the dominant role of 

Heisenberg exchange. In contrast, the s in FN-2a solutions remains 

nearly constant up to the maximal attainable concentration of 1.6 

mM. These observations provide direct evidence for the two 

different mechanisms involved in the saturation behavior of 

nitroxide EPR lines in this concentration regime.  

0,0 0,5 1,0 1,5 2,0

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

 FN-2a

 TL

S
Concentration (mM)  

 

Fig.6 Saturation factor as a function of the polarizer concentration when 
saturating the central hf line. Experimental values (red circles and black 

squares) are determined from pulse ELDOR experiments as described in Fig. 

3. Red and black lines are theoretical curves for FN-2a and TL in toluene 
using eqs. 2 and 5 as well as we, wn and KxN from Table 1. The error in s is 

basically given by the noise level (base line) in the FID detection of the 
ELDOR experiments and amounts to about 5%. 

The present results demonstrate that fast nuclear relaxation can 

enhance the saturation factor in DNP. This hypothesis was 

previously raised by Armstrong and Han,17,35 and conveyed to 

tethered nitroxide radicals. Our present study reports the first 

experimental evidence, bringing an open discussion in the literature 

to a more consistent picture. Nevertheless our results indicate that 

the dependence of s on τc is quite dramatic, basically allowing any 

value between 0.33 (no ELDOR effect) and 1 especially at low 

concentrations (Fig.6), and needs to be considered in details for any 

new polarizer system. 

 The advantage of EPR saturation driven by fast nuclear relaxation 

instead of Heisenberg exchange is its independence on radical 

concentration. High saturation factors and therefore DNP efficiency 

can be achieved at a relatively low polarizer concentration (c ≈ 

1mM).  

 

Table 1. Summary of DNP parameters, relaxation times and Heisenberg exchange rate constants for toluene solutions of TL and FN derivatives. In DNP, 

microwave irradiation was set on the central hf line. Errors in T1e, T1n, Kx from fits of PR data as well as τc are estimated up to 20%. Errors in ε (from DNP) 

are about 5%, whereas the errors in f and s are ≤ 5%. The resulting error in ξ is about ±10%. However, errors in the trends among the samples are much less, as 

pointed out previously.24 

Sample 
ε f 

s 

ξ 
τc (ns) T1e (ns) 

T1n (ns) Kx 

(ns-1M-1) Hring Hmethyl Hring Hmethyl Hring Hmethyl 
14N 
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0.20 
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0.45 
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70 

 
≤ 0.6 

To assess the application potential of functionalized nitroxides, we 

have finally evaluated the leakage factors from measurements of the 
1H nuclear spin-lattice relaxation for ring and methyl protons and 

subsequently calculated the coupling factor ξ based on eq. 1 (Table 

1). There is some but not substantial decrease of the coupling factor 

ξ between TL and FN-3a (∆ξ ≈ 25%). This behavior is consistent 

with the current mechanistic model for DNP in nitroxide/toluene, 

which is controlled by dipolar relaxation driven by molecular 

diffusion and the accessibility to the nitroxide electron spin 

center.17,25,38 When the molecular size increases, the diffusional 

correlation time )/(
2

PSD DDd +=τ  is expected to increase as well, 

where d is the distance of closest approach between electron and 

nuclear spins and D is the diffusion coefficient.25  An increase of τD 

leads finally to a decrease in the coupling factor. Nevertheless, in the 

present case this decrease in ξ is largely compensated by the increase 

in s and also f, leading overall to large enhancements. These findings 

shed light on the design of new polarizers for DNP in liquids. Work 

is in progress to examine the saturation behavior at a higher 

magnetic field (e.g. 3.3 T). 
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