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High-resolution proton NMR (400 MHz) and multifrequency EPR (9 – 260 GHz) characterization of 
aqueous solutions of the nitroxyl radical TEMPOL in the temperature range (10 – 40) °C is performed 
for the liquid-state DNP. Characteristic features of the in-situ DNP observations at high frequencies 
are presented. Optimal conditions (concentration, temperature, position of the microwave pumping, 
repetition/build-up time for the DNP experiments) are extracted. The results are compared with the 
DNP experiments, molecular dynamic calculations, saturation models, and classical models of 
translational and rotational diffusion. Perspectives for using TEMPOL as polarizing agent in even 
higher magnetic fields are discussed. 

PACS: 76.30.-v, 76.60.-k, 76.70.Fz 
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1. Introduction  

The possibility to increase nuclear magnetic resonance (NMR) signal-to-noise ratio significantly by 
spin polarization transfer from the electronic spin S to the coupled nuclear one of interest I attracts last 
decade heightened attention regarding applications in magnetic resonance imaging (MRI), structural 
biology, analytical chemistry, NMR petrophysics, material science, investigations of nano- and micro 
samples and flows in low and high magnetic fields, etc [1-3]. Nowadays it is achieved by different 
methods and techniques determined mainly by a variety of physical mechanisms of dynamic nuclear 
polarization (DNP) such as the cross effect, thermal mixing, the solid effect and the Overhauser effect 
(OE). While the first three are efficient in solid state, the OE DNP is the most effective in liquids and 
shows up even in systems wherein microwave (MW) polarization of S and NMR detection take place 
in the same magnetic field at the same temperature. 

A proper choice of polarizing agents for each of the DNP techniques used play a key role for the 
DNP yield. Understanding the background underlying the processes leads to the synthesis of new, 
more effective materials and exploiting them under optimal conditions. A list of “older” radicals used 
for DNP and their characterization were compiled in [4], for example. The most commonly used 
polarizers now are trityl (triarylmethyl), nitroxide (nitroxyl) radicals, their combinations and 
derivatives [1-3]. 

This work presents a systematic NMR and EPR (electron paramagnetic resonance) experimental 
studies of aqueous solutions of the stable nitroxide TEMPOL and their comparison with the high-field 
DNP results under continuous wave irradiation at near room temperatures of (10-40) °C as well as 
with the previously developed models and calculations.  

2. Theoretical background and literature review 

This section contains the information which is essential for the understanding of OE DNP mechanisms 
along with the relevant review of the known for author experimental and theoretical research in this 
direction conducted last years. 
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For a long time in-situ liquid state (LS) polarization experiments, in which MW polarization and 
NMR detection take place in the same magnetic field at the same temperature, were not considered as 
a valuable option in high magnetic fields (HF) due to the hardware and theoretical problems. Firstly, 
until recently high-power MW sources for high MW frequencies to saturate EPR transitions were not 
commercially available on the market and they are still expensive as well as transmission lines. 
Secondly, high dielectric losses of water needed for the most biological and oil research applications 
cause an extensive microwave heating of aqueous samples even at low MW power levels demanding 
tremendous efforts in the construction of the hardware setup. Thirdly, the theory based on the DNP 
experiments carried out in 1950s-1970s in the magnetic fields less than 1.5 T [3-6] predicted a 
miserable DNP enhancement for higher magnetic fields for liquids in which Overhauser effect plays a 
primary role [7, 8]. Last year experiments [1-3] reveal not only perceptible but significant OE DNP 
enhancements for protons of liquids in the fields of (3.4-9.2) T showing that the long established 
models cannot adequately describe new results and, therefore, additional experimental and theoretical 
research in such high fields should be done.  

To flip nuclear spin I, the energy of its interaction with S should be time-dependent, i.e. fluctuating 
local magnetic field, Blocal, should exist Fourier component of which with I would cause nuclear spin 
reorientation. DNP experiments in low magnetic fields were and still are explained using translational 
motion (diffusion) of the molecules in the solvent with tr in which the characteristic time, , for the 
isotropic diffusion is given as 

 
2

tr
W R

d

D D
  


, (1) 

where d is a distance of the closest approach between S and I, DW and DR are the diffusion coefficients 
of diamagnetic particles (water or molecules of other solvent) and paramagnetic radical, 
correspondingly. Electronic spin-lattice (longitudinal) and spin-spin (transverse) relaxation with T1e 
and T2e for aqueous solutions of nitroxides are much longer and are not considered as sources of 
nuclear re-orientation in OE DNP driven mechanism. 

The results of Ref. [9] focused on comparison of the nitroxide TEMPO-based mono- and 
bi-radicals prove that even in high fields (9.2 T) solvent diffusion plays a primary role in obtained 
DNP enhancements. Nevertheless, as molecular dynamic (MD) calculations show [10-12] in high 
magnetic fields other types of motions including a rotational diffusion with rot could not be forgotten 
to explain high experimental results. 

The coupling between two spin systems I and S may be expressed most generally in terms of 
equation 

 0 0Z ZI I f S S      , (2) 

where <Iz> and <Sz> are the dynamic polarizations and <I0> and <S0> represent the thermal 
equilibrium condition;  is a coupling factor, f is a leakage factor which are examined in details below. 

Coupling factor, , with the maximal theoretical limits of −1 for scalar and + 0.5 for dipole-dipole 
mechanisms, is a complicated function of many parameters and depends not only on the type of S-I 
interaction but through the spectral density function, J, it depends also on the field strength (I and S) 
and, through the correlation time, on the temperature and viscosity. Influence of the nitroxides’ 
structure on coupling factor is up to now still under discussion even in well established low-field DNP 
experiments (see, for example, [13, 14] where nitroxides containing 5- and 6-membered rings are 
under consideration). Dipole-dipole mechanism is still dominant for the HF LS DNP by using 
nitroxides as polarizers leading to the negative DNP enhancement [1-3]. 



M.R. Gafurov 

Magnetic Resonance in Solids. Electronic Journal. 2013, Vol. 15, No 1, 13103 (11 pp.) 3 

Leakage factor varying in the range [0..1] shows the fraction of the total relaxation rate due to 
nuclear-electron interaction and could be easily determined from NMR relaxation measurements: 

 rel 11
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1
1

IIS

I I

k CTT
f

T k CT
  


, (3) 

where T1
I is a nuclear relaxation time (seconds in the case of water protons) in the absence of 

paramagnetic particles (pure solvent) and T1
IS is that in the presence of the paramagnetics; krel is a 

relaxivity depending on the types of radical and solvent and on the experimental NMR frequency 
(magnetic field); C is a concentration of the paramagnetic particles.  

It is believed [5, 15, 16] that coupling factor could be extracted from the measurements of krel with 
the external magnetic field, i.e. from the Nuclear Magnetic Resonance Dispersion (NMRD) profile. 
Nevertheless, the estimated in such a way values of the correlation times, , strongly depend on the 
model used and vary in the range (20-120) ps for the aqueous solutions of nitroxyl radicals at near 
room temperature [16, 17]. It leads us again to the need of re-examination of the existing models and 
experimental data obtained by different groups in different conditions. 

The observable nuclear resonance enhancement,  (DNP enhancement), is obtained by rearranging 
equation (2) as follows: 
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      , (4) 

where S and I are the gyromagnetic ratios of electron and nuclear spins (S is negative) and saturation 
factor, s, is introduced  
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varying in the range 0 (no MW) to 1 (full saturation).  

It is quite difficult to measure the value of s for the solutions of nitroxides at low MW power levels 
experimentally or even to calculate it. For the first approach, assuming the validity of the Bloch 
equations and homogenous line broadening of the non-interacting lines: 

 
2 2

MW 1e 2e
2 2

MW 1e 2e

1

(1 )
S

S

B T T
s

n B T T







 (6) 

where BMW is a microwave field strength and n is a number of the lines, which should result in the 
maximal value of 1/3 for 14N containing nitroxides assuming that the value of BMW is less than the 
value of the nitroxide’s hyperfine splitting. 

Accepting the validity of Eq. (6), taken into account that the 2
MWB  is proportional to the MW power 

PMW with the coefficient  (conversion factor) and inserting those into the Eq. (4), one can derive the 
linear dependence of the inverse DNP enhancement upon the inverse MW power, so called “power 
curve”,  
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which can be experimentally measured. From the interception, D, of this curve one can extract the 
values of , while the slope, E, is proportional to the 1/T1eT2e. The Eq. (7) is still widely used for the 
estimations of , T1e and T2e of different systems. The applicability of this approach for the liquid 
solutions of the nitroxides is one of the topics discussed in the present work.  
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3. Experimental part 

Materials 

Water soluble nitroxyl radical TEMPOL (4-hydroxy-2,2,6,6-
tetramethyl-1-piperidinyl-1-oxyl, CAS Number 2226-92-2, Fig. 1) was 
purchased from Sigma-Aldrich. The powder was diluted by distilled 
water bubbled by inert gas (Argon) for 15 min before to reduce the 
concentration of oxygen to obtain a stock solution with a concentration 
of about 5 M. The stock solution was diluted further in the same 
manner to get a series of samples with different concentrations. The 
concentrations were checked by X-band EPR measurements as well as 
in-situ measurements of relaxation times of the 1H water protons T1I 
and their paramagnetic shifts as explained in the text below. 

Methods 

For NMR measurements a 400 MHz 
Bruker Avance NMR spectrometer 
was exploited. EPR measurements 
were done at 9 (X-band) and 
95 GHz (W-band) using the 
continious wave (cw) mode of 
Bruker Elexsys 580/680 
spectrometer. Some experiments 
were done using the 
NMR/EPR/DNP abilities of 
Frankfurt LS DNP spectrometer 
operating at 260 GHz [18] and the 
cw-mode of the home-built 
180 GHz (G-band) EPR 
spectrometer [19]. 

NMR measurements 

The proton NMR longitudinal relaxation time T1I 
obtained by applying inversion-recovery (IR) 
pulse sequence and relative peak position in 
“pure” water were measured to be about 3.4(1) s 
and 4.71(5) ppm at T = 297 K, correspondingly. 
These values and their changes with temperature 
measured in the temperature range (10-40) °C are 
in a good agreement with literature [20-22].  

The influence of the paramagnetic TEMPOL 
on the linewidth of the Fourier transformed free 
induction decay signal (FT-FID) of water protons 
and on the corresponding NMR shift with 
concentration is demonstrated in Fig. 2. Based on 
the relaxation time measurements with TEMPOL 
concentration the leakage factor was measured 
(Fig. 3). This value does not depend on temperature in the investigated temperature range: both TI and 
TIS change with T in same manner (see Eq. 3). The value of krel = 0.14(1) mM−1s−1 extracted using 
Eq. 3 is in a good agreement with literature data in such high fields [23]. 

Figure 1. Organic nitroxide 
TEMPOL. 
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Figure 2. Dependence of the water proton Fourier transformed 
FIDs on TEMPOL concentration. 
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Figure 3. Concentration dependence of leakage 
factor (solid circles) and its 
fitting according to Eq. 3 with 
krel = 0.14(1) mM−1s−1. 
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EPR measurements 

The three line pattern observed in EPR 
experiments (well resolved at all available EPR 
frequencies for the concentrations of C < 50 mM) 
is due to the hyperfine interaction between the 
electronic spin with S = ½ and one nuclear spin 
with I = 1 as a case for 14N. The components of 
g-factors and hyperfine constant A measured at 
different frequencies in liquid and in frozen state 
are given in Table 1 and correspond to the known 
from the literature [24, 25]. 

With the known components of g and A tensors, 
the isotropic rotational correlation time τc can be 
extracted from EPR spectra. This was done by the 
simulating the experimental data using the built-in 
tools of the EasySpin package for Matlab [26] as 
well as by using the self-written program based on 
the model described in [27] which give identical 
value of about 18(2) ps at T = 295(2) K. 
(Uncertainty is ascribed mainly to the difference in 
temperature conditions in different EPR 
spectrometers).  

Investigations of the temperature 
dependence of τc at different frequencies 
show that at least in the temperature range 
(279-313) K it shortens according to the 
ratio of water viscosity over T (/T ) 
tabulated for water in [28]. 

Sufficiently rapid rotation of the 
molecules of the mono-radicals in low 
viscosity liquids leads to complete 
averaging of the dipole-dipole interaction. 
Thus, in the EPR and DNP spectra of 
solutions with a sufficiently low viscosity it 
is possible to detect only the isotropic 
exchange interaction (Heisenberg exchange, 
characterized by the exchange rate denoted 
as τH or exchange constant kex). The value of 
the exchange constant could be extracted 
from the EPR lines’ shift and broadening 
with concentration. In this work it is done 
from the broadening of the central line according to [29, 30]. The values extracted in such a way are 
the same for different magnetic fields (EPR frequencies) in correspondence with literature [31] and are 
about kex = 1.8(1) 109 M−1s−1 at T = 293(2) К (Fig. 4).  

It could be expected that due to the very fast Heisenberg exchange at very high concentrations after 
the “coalescence” of all three lines into the single one the resulting line will tend further to narrow. 
The EPR results show, however, that at C > 500 mM the EPR line does not change much and becomes 
even slightly broader (Fig. 5) at all MW frequencies available. This fact can be explained by the 

Table 1. Literature and experimental data of 
components of hyperfine and 
g-tensors and exchange interaction 
rates (normalized to the temperature 
and viscosity) of the nitroxide 
TEMPOL in water.  

Parameter Literature Data 
[24, 25] 

Experiment 

gxx 2.0085(2) 2.0086(3) 

gyy 2.0061(1) 2.0060(2) 

gzz 2.0021(3) 2.0020(4) 

giso 2.0056(2) 2.0055(3) 

Axx [G] 6(1) 6(1) 

Ayy [G] 6(1) 6(1) 

Azz [G] 36.4(1) 36.4(1) 

Aiso [G] 16.5(4) 16.6(3) 

Kexch/T 
[cP/M−1s−1] 

6.2106 6.4(3) 106 
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Figure 4. Concentration dependencies of the linewidthes 
of the central line of 14N three line nitroxide 
pattern taken at T = 293 К at two different 
frequencies to demonstrate the difference in the 
absolute values but practically identical slope.  
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influence of the dipole-dipole interaction 
between the electronic spins at such high 
concentrations. 

The EPR linewidth and kex strongly 
depend on the temperature. For example, 
for C = 500 mM the linewidth of the 
single EPR line at T = 279 K G-band 
(magnetic field of 6.4 T) is 
B

PP = 15.8 G while at T = 310 K it 

narrows to B
PP = 9.9 G. The 

temperature changes in W-band range 
(95 GHz) were measured by E. Kryukov 
et al. in a wide temperature range [32]. 
Our results obtained in X- and G-bands 
agree with those and confirm the 
dependence dH/dC = E (T/) [33] with 
E = 3.15(20) 10−3 (PG)/(MK) using the 
data of (/T) from [28].  

4. Discussion 

Low values of krel obtained in the field of 9.4 T for the aqueous solutions of the nitroxide TEMPOL 
inevitably result in demand to use high nitroxide concentrations to achieve perceptible DNP 
enhancement through the proper leakage factor (cf. Fig. 3, Eqs. 3, 4). The value f = 0.84 is achieved in 
the field of 9.4 T at C  20 mM. Therefore, while the optimal concentrations reported for the low-field 
(earth field) experiments is about (1-2) mM [34, 35] in high-field experiments of (3.4-10) T the 
concentrations in the range (6-40) mM are exploited [11, 15, 16, 23, 32, 36, 37]. Even higher 
concentrations would be used for the higher fields corresponding to the (600-1000) MHz proton NMR 
frequencies. From this point of view (high leakage factor) TEMPOL with its excellent solubility in 
H2O is a good polarizing agent.  

Nuclear relaxation time T1
IS shortens drastically with concentration that can through the shorter 

repetition times significantly reduce the duration of NMR/MRI experiments. As the experimental data 
show [4, 15, 23, 37], build-up curve of the nuclear polarization growth caused by the in-situ OE DNP 
effect in liquid solutions of nitroxides is characterized by practically identical with T1

IS time. Short 
repetition time (seconds and less) of the in-situ OE DNP experiments especially at high concentrations 
can be regarded as a tremendous advantage over others exploiting alternating experimental schemes 
and DNP mechanisms. But such problems as toxicity and bio-compatibility should be taken into the 
consideration for some of applications.  

The paramagnetic shift should not be forgotten in DNP experiments to detect an NMR line at the 
right position and to extract the NMR parameters influenced by the MW irradiation properly [38]. As 
it is shown above, the shift along with the T1

IS measurements could be used for the control of the 
TEMPOL concentration and for the sample temperature monitoring in high-resolution NMR 
experiments though the temperature itself does not influence the leakage factor much. 

Let us now consider different factors influencing the saturation. According to the simple model 
(Eq. 6) to achieve the maximum saturation high MW power should be applied to the paramagnetic 
solution with the long electronic relaxation times. Due to the different mechanisms of the 
inhomogeneous broadening (anisotropy of g and A tensors, homogeneity and stability of the external 
magnetic fields, etc) the EPR linewidth become broader with B0 (i.e. T2e becomes shorter, cf. Fig. 4) 
and, therefore, it is much more difficult to achieve a full saturation in high fields.  

-40 -30 -20 -10 0 10 20 30 40

 C = 500 mM, 2 M C = 100 mM

 B (G)

C = 2mM

Figure 5. Concentration dependence of the normalized EPR 
spectra taken in X-band at T = 298 К. B = B−B0C

where B0C is the resonance position of the central 
hyperfine component of the EPR spectra. 
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Up to now there are no direct measurements of electronic relaxation times in aqueous solutions of 
nitroxides in high fields. The recent experiments show that T1e is dropping with MW frequency at 
s > 40 GHz [39]. Estimations in the range of (100-1000) ns are given in literature [18, 27, 40]. As can 
be concluded from the low-field experiments (s < 40 GHz), deuteration of the nitroxyl, deuteration of 
solvent, or replacement of natural-abundance nitrogen by nitrogen-15 in the nitroxyls cause less than 
10% change in T1e [41]. Surprisingly, the values of T1e seem to be independent on the concentration of 
the nitroxides up to the values of C = 200 mM at least as measured at s = 9 GHz by Longitudinally 
Detected EPR [42, 43] while the dissolved in water paramagnetic oxygen can drastically shorten T1e 
up to factor 3 as measured in low field experiments [43] shrinking, therefore, through the saturation 
factor the obtainable OE DNP enhancement.  

Based on the experimental and theoretical results presented in [27], the DNP profile (dependence 
of the DNP enhancement on the small changes in B0 or on the value of the MW frequency) through the 
saturation factor follows exact the EPR profile (integrated EPR spectra). It defines the difference in the 
right choice of the position of the MW pumping to achieve the better saturation with frequency and 
concentration. At low concentration in high fields (6-10 T) the first hyperfine line (position of which is 
concentration dependant) is preferable while in low fields (0.3-1 T) the central one. At higher 
concentrations the central one is the best option for all the frequencies. In addition, the position of the 
central line is defined by the isotropic value of g-tensor, i.e. do not change with concentration. 

To avoid the water overheating caused by MW power, different resonance structures are usually 
exploited in OE DNP experiments geometry of which allow to amplify the value of BMW and to reduce 
the electrical component of the electromagnetic field. Using the values of BMW in the range (0.8-1) G 
known from the helical resonance structure of the of Frankfurt LS DNP spectrometer operating at low 
MW power of less than 45 mW [11, 18] the saturation factor in the framework of the model developed 
in [27] (in which the rigorous treatment of the nitroxide saturation based on Redfield theory and using 
modified Bloch Equations in presence of exchange interaction and taken into account the nitrogen 
relaxation is performed) was calculated. The next input parameters are mandatory for this: 

 the values of g-and A-tensors (Table 1); 

 characteristic correlation time of the rotational motion, C; 

 rate of the Heisenberg exchange, H which is a function of concentration and temperature; 

 MW field strength, BMW; 

 value of the external magnetic field, B0; 

 value of T1e; 

 additional inhomogeneous contribution into the linewidth of the nitroxide EPR spectra at 
high fields. 

The simulations are presented in Fig. 6 and 7. 

Fig. 6 illustrates the dependence of the saturation factor on the position of the MW pumping for 
different spin-lattice electronic relaxation times (because T1e is an unknown value). The relation 
between the best position for the MW pumping to get the highest OE DNP enhancement and T1e has 
something in common with the concentration topic discussed above: for the longer relaxing centers the 
central line is preferable with variations for the fast-relaxing centres depending on the value of B0. As 
it can be seen even at low MW power (BMW is less than the EPR linewidth of each of the hyperfine 
components even at very low concentrations) saturation factor of more than 1/3 in contradiction with 
Eq. 6 could be achieved. Applying more MW power the values up to s = 0.9 are approached in the 
fields of 3.4 T [44]. It means that the simple model of the calculation of saturation factors (Eq. 6) and 
extraction of DNP and EPR parameters from the power curve by using Eq. 7 are not applicable in the 
case of liquid solutions of the nitroxides. Nevertheless, in the case of the single merged line (high 
concentrations) they may be used with a certain accuracy. 
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The presence of the Heisenberg 
exchange interaction makes complicated 
not only the concentration dependence of 
the EPR spectra but also the saturation 
curve and, consequently, the obtained 
DNP enhancement as Fig. 7 
demonstrates. For some chosen 
experimental parameters at B0 = 9.4 T the 
concentration curve fs reveal clearly the 
plateau at C = (10-20) mM (we suppose 
implicitly that  in Eq. 4 is concentration 
independent). Then it is only slightly 
goes down (due to the fact that f is 
growing while saturation due to the EPR 
line broadening caused by the exchange 
interaction is decreasing). It worth noting 
that the obtained local maxima in 
concentrations for s and  could have 
different values as it is a case for the 
chosen parameter set. The value of the 
local maximum (product fs) depends also 
on the other parameters. As preliminary 
calculations show, the higher are the 
values of BMW and B0 the more the 
position of the local maximum is shifted 
to the higher concentrations. At 
C > 100 mM the EPR spectrum starts to 
merge into the single line facilitating in 
this manner a saturation. Consequently, 
the product fs is growing with C while f 
does not change and is close to its 
maximal value. According to the EPR 
spectra, the growth with concentration 
should continue up to the C  500 mM. 
No experimental data of OE DNP for 
such high concentrations are known to 
author. To quantify this effect at higher 
concentrations a role and a quantitative 
ratio of the electron-electron 
dipole-dipole interaction should be 
clarified and calculated which is still not 
done in the nitroxide research to the best 
of the author knowledge.  

During the process of the preparation of this work for publication a paper that confirms 
experimentally high DNP enhancements  for high concentrations of nitroxides has appeared [45]. The 
authors have measured OE DNP at B0 = 9.24 T on the water protons in the water-TEMPOL system 
with the nitroxide’s concentration of C = 1 M. The DNP enhancements  = − 14 at room temperature 
and − 80 at 160 °C (overheated water solution) were achieved. The saturation factor s = 1 at 
PMW  200 mW was reached. 

100 50 0 -50 -100
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T
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Figure 6. Saturation profiles for the saturation factor of the 

aqueous solution of TEMPOL calculated for 
C = 10 mM, B0 = 9.4 T, BMW = 0.84 G and for 
T1e = 100, 400, 700 and 1000 ns (from the lower to 
the upper curves), consequently.  = s−s0; the 
EPR frequency resonant to the central hyperfine 
line is denoted as s0. 

1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

 f,
 s

, f
s

Leakage, f 

Product fs

Max. Saturation, s

C (mM)

Figure 7. Experimentally measured leakage factor, calculated 
maximal saturation factor for BMW = 0.84 G and 
T1e = 700 ns in the magnetic field of B0 = 9.4 T and 
their product, fs as the functions of TEMPOL 
concentration presented in a semi-logarithmic scale.
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The most problematic is a task to follow the temperature dependence of s. Temperature behavior of 
many parameters can be extracted from the experiment (see Section 3) but not that of T1e. Intuitively, 
T1e should drop with T lowering the value of s (cf. Fig. 6). Simultaneously, the Heisenberg exchange 
rate decreases and rotational correlation time shortens that generally should elevate s. In [37] it was 
supposed that these oppositely directed mechanisms compensate each other at least in the investigated 
temperature range and the temperature curve of OE DNP enhancement is mainly defined by the 
temperature behavior of the TEMPOL-water coupling factor (Eq. 4). 

As it was pointed out it is quite tricky to extract the coupling factor for the aqueous solutions of 
nitroxides experimentally. At present moment it is thought that the MD calculations performed by 
D. Sezer for TEMPOL in water [10] for the magnetic field strength from 0.33 up to 12 T for three 
temperature values: 25, 35 and 45 °C are the most reliable. As expected, the coupling factors decrease 
substantially upon increase in the magnetic field: from 30 % at B0 = 0.33 T down to 1.3 % at 
B0 = 12 T. Temperature raise from 25 °C to 45 °C significantly influences  in high magnetic fields 
(up to 2 times for B0 = 12 T) but only slightly at B0 = 0.33 T (on just 13 %). Rapid, nearly linear 
temperature raise of  in high magnetic fields in the temperature range up to 60 °C is experimentally 
confirmed for 3.4 T [32] and 9.2 T [37]. The question whether the classical translational model only 
(see Eq. 1) could adequately describe the OE DNP results in high magnetic fields is still hotly debated 
[10, 32, 37, 46]. The data obtained in this work show that the temperature dependence of both 
rotational and translational correlation times follow /T curve and, therefore, from the experimental 
point of view their personal contributions are not distinguishable in the cumulative temperature curve. 
Study of the nitroxides’ systems with very similar structure but different C would help to separate 
these contributions. 

5. Conclusion and perspectives 

DNP measurements [1-3, 23, 32, 45], NMR and multifrequency EPR characterization for the aqueous 
solutions of the nitroxide TEMPOL in the temperature range (10-40) °C show that this system could 
give a perceptible OE DNP enhancement in low and high (> 12 T) magnetic fields even by using low 
microwave power sources to polarize the electron spin system. Strong linear temperature dependence 
of OE DNP enhancement is expected for this system in high fields. Optimal concentration to obtain 
the maximal OE DNP enhancement is defined by the interplay of leakage and saturation factors and 
could be estimated from the NMR and EPR data. Based on the estimations of saturation factor it could 
be expected that the values of optimal concentration for higher (12 T, corresponding to 600 MHz 
proton frequency) magnetic fields would be either in the range 40-80 mM depending on the technical 
characteristics of the DNP spectrometers (MW power, conversion factor of the resonance structure, 
etc) or > 500 mM. Excellent water solubility of TEMPOL could facilitate its usage for the high-field 
OE DNP application. 

The systematic study of various nitroxide systems and solvents in several magnetic fields are 
planned to separate different contributions into the OE DNP mechanism and to investigate the 
possibilities of using nitroxides for DNP study of the water/oil binary mixtures. 
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