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Solutions of 4-hydroxy-TEMPO(TANOL) in water and water-soyabean oil were investigated in 
the concentration range 0.1 mM-10mM. Dynamic nuclear polarization (DNP) and electronic 
relaxation time Tle measurements were performed at each well resolved hyperfine line. In the 
TANOL/water-soyabean oil solutions, the effect of the presence of soyabean oil was an increase in 
the measured relaxation rates and a decrease in the observed enhancements. In addition, the 
observed enhancements diminished in time. For all of the samples, the relaxation rates decreased as 
the frequency of the transition increased. 
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Introduction 

In recent years, dynamic nuclear polarization 
(DNP) studies and relaxation rate measurements of 
nitroxides at low fields gained importance again due 
to biological applications of nitroxides. These studies 
range in the 6 .8-13.0 mT region [1-6]. To our knowl-
edge there are very few studies at lower fields [2]. 
Therefore we think that our results, obtained at 
1.53 mT, will provide complementary information to 
other studies performed at higher fields. 

In this study the nitroxide spin probe TANOL was 
investigated in three solutions: water, soyabean oil 
and water-soyabean oil. Using double resonance tech-
nique, EPR spectra were recorded and D N P values 
and electronic relaxation times were measured. 

Theory 

In cases where the sample contains both nuclei and 
unpaired electrons, D N P is a well known double res-
onance technique to enhance nuclear signals [7-9]. 
Following the partial saturation of electronic transi-
tions, the cross-relaxation processes between unpaired 
electrons and solvent nuclei cause an enhancement in 
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the nuclear signal. The observed enhancement is given 
as 

ro 

where P z and P 0 are the nuclear polarization with and 
without EPR irradiation, is the saturation for elec-
tronic transitions and F t J the enhancement factor for 
the ij th transition, which is given by 

F u = Q f (C0ij/C0k). 

Here q is the electron-nuclear coupling parameter, / 
gives the ratio of the free radical induced solvent nu-
clear relaxation rate to the total solvent nuclear relax-
ation rate, and (o{j and cok are the resonance frequen-
cies for electronic and nuclear transitions. 

As a result of the interaction of the nitrogen nucleus 
with the unpaired electron, EPR spectra of nitroxides 
at 1.53 mT consist of six well resolved hyperfine lines 
[10]. This covers a frequency range from 5 to 
120 MHz. Therefore EPR spectra are recorded by 
keeping the field amplitude constant and changing the 
EPR frequency within this range. In the low field EPR 
spectra of nitroxides for the transition at about 
43 MHz, the polarization P z is positive, i.e. it is in the 
direction of the pure nuclear polarization P 0 (Fig-
ure 1). Whereas at all the other transitions the number 
of nuclear spins at higher energy level is in excess of 
the lower energy level, at this transition the situation 
is reverse and the nuclear spin system absorbs radia-
tion [11, 12]. 
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Fig. 1. EPR spectra of TANOL/water (10 mM) solutions; 
• not degassed, • degassed. 

After the saturation experiments at each resonance 
line, electronic relaxation times T l e were calculated 
from [12, 13] 

T'J — 
le 

1 

Fijh(oJij) x y B l e g((o — to,-,) 

Here B l e is the rf field amplitude on the sample, 
g (co — ojij) is the shape function and | (P: — P0)/ 
P01 low power is the observed enhancement obtained at 
low values of B l e • F^hico^) is the ultimate enhance-
ment, i.e. the saturation value of the observed en-
hancement. Because of the respective proportionality 
between B2

e and the square of the voltage at the 
EPR coil (Ve2), the graphs of G ( P ) - 1 against V2 give 
a straight line and from the extrapolation of this line 
to infinite power, Ftj h (co^) values can be deduced. 

Results and Discussion 

In Fig. 1 the EPR spectra of 10 mM TANOL/water 
solutions with and without degassing were compared. 
For degassed samples at 21.49 and 83.00 MHz only a 
slight decrease in the line widths and an increase in the 
electronic relaxation rates were observed (Figure 2 a). 
If the enhancement factors of these two samples are 
considered, higher enhancement factors were ob-
tained for deoxygenated samples at all frequencies 
(Figure 2 b). 

The concentration dependent investigation of 
TANOL/water solutions in the 0 .1-10 m M range in-
dicated an increase in the ultimate enhancements, as 
expected (Figure 3 a). For the relaxation rates an in-
spection of Fig. 3 b indicates that there is an increase 
in the relaxation rates when the concentration 
changed from 1 mM to 10 mM. However, the mea-
sured relaxation rates for 1 mM and 0.1 mM samples 
were close to each other. The results obtained for 
TANOL/water solutions were also compared with the 
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Experimental 

Measurements were performed with a double reso-
nance spectrometer working at 1.53 mT. The proton 
resonance frequency is 65 kHz, the EPR frequency 
can be varied between 5 and 120 MHz. 

Solutions of the TANOL free radical (2,2,6,6-Te-
tramethylpiperidinol-4-oxyl-l) in water, water-soya-
bean oil and in soyabean oil were prepared in the 
0.1 m M - 1 0 m M concentration range and, when nec-
essary, degassed using freeze-thaw-pump technique. 
Commercial oils were used in the experiments. The 
soyabean oil includes antioxidant material (0.2 mM). 
Measurements were performed at room temperature. 
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Fig. 2. a) Relaxation rates of TANOL/water (10 mM) solu-
tions; o not degassed, • degassed, b) Ultimate enhancements 
of TANOL/water (10 mM) solutions; H i not degassed, 
MM degassed. 
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Fig. 3. a) Ultimate enhancements of TANOL/ethyl alcohol 
solutions; • 0.1 mM, I I 1 mM, 0113 10 mM, and 
TANOL/water solutions; ESS 0.1 mM, ^ B 1 mM, 
10 mM. b) Relaxation rates of TANOL/water o 10 mM, 
• 1 mM, a 0.1 mM. 

results obtained for TANOL/ethyl alcohol solutions 
in a previous study of our group [14]. For these sam-
ples the ultimate enhancements were very close to 
each other at 0.1 m M and 1 m M concentrations, but 
for 10 m M concentrat ion the ultimate enhancements 
were two times larger for ethyl alcohol solutions for 
the transitions f rom 45 M H z to 100 M H z (Figure 3 a). 
The reason of this difference might be the higher de-
gree of hydrogen-bridge formation for water protons 
with increasing concentration [15, 16]. 

A consideration of Fig. 3 b indicates a transition-
frequency dependent order of relaxation rates for 
these samples at all investigated concentrations, how-
ever, this dependence is more efficient for higher con-
centration (10 mM). 

Lipids and water are fundamental structural mate-
rials of biological samples. Therefore an investigation 
was performed to understand their D N P at low field. 

A solution of T A N O L in soyabean oil was prepared 
at 1 m M concentrat ion but no enhancement was ob-

served. However, the spectra of the same sample at the 
0.3 T has given a very good signal to noise ratio. An-
other sample was prepared in olive oil at again 1 m M 
concentration. Although the viscosity of olive oil is 
higher than that of soyabean oil, for olive oil we ob-
tained a slight enhancement at room temperature. As 
the temperature of the sample was increased slightly, 
the observed enhancement increased as well. This in-
dicates that the viscosity is not the only reason which 
prevents the cross polarization between electrons and 
protons in soyabean oil. 

Prior to the relaxation measurements with degassed 
samples, some enhancement observations were per-
formed using the following samples: 

1. 5 ml water in which 2 m M T A N O L was dissolved 
and 5 ml soyabean oil added. 

II. 5 ml TANOL/soyabean oil and 5 ml water 
added. 

III. 5 ml TANOL/soyabean oil at 1 m M concentra-
tion and 5 ml TANOL/water at 1 m M concentra-
tion. 

For sample I, the observed enhancement decreased 
slightly upon addition of soyabean oil. For sample II 
the observed enhancement increased with addition of 
water. This increase was relatively large in compari-
son with the decrease observed for sample I. For Sam-
ple I, the observed enhancements were higher than for 
sample III. After degassing sample I and III, the mea-
surements were repeated, and again the enhancement 
for sample I was higher. 

T l e measurements were performed for sample III at 
all resonance frequencies. For this sample there were 
no changes relative to TANOL/water (1 mM), but for 
all frequencies the electronic relaxation rates were 
larger for the TANOL/water-soyabean oil (Fig-
ure 4 a). The results obtained were an indication of the 
partition of T A N O L molecules in water and soyabean 
oil environments. In a separate study of our group at 
0.3 T, some model experiments were performed to 
study the motion of T A N O L molecules in water-oil 
medium [17], F rom these model experiments, the tran-
sition of T A N O L molecules from water to oil was 
observed. In solutions containing water and oil there 
exist two way transitions of T A N O L molecules. Since 
T A N O L is a hydrophilic spin probe, the transition 
rate of T A N O L molecules from oil to water is ex-
pected to be higher than that of from water to oil. 
These transitions cause an increase in molecular mo-
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Fig. 4. a) Relaxation rates of (1 mM); TANOL/water (o) and 
TANOL/water-soyabean oil (A) samples, b) Ultimate en-
hancements of (1 mM); TANOL/water ( • • ) and TANOL/ 
water-soyabean oil (CZZ1) samples. 

tions and consequently an increase in the relaxation 
rates relative to the TANOL/water solution. 

Considering the ultimate enhancements for these 
two samples, there was an important decrease for the 
TANOL/water-soyabean oil sample (Figure 4 b). In 
addition to that, the observed enhancements of the 
TANOL/water-soyabean oil sample decrease slowly 
in time. To study this behavior, starting from freshly 
prepared samples, the measurements were repeated 
and, depending on the preparat ion time of the sam-
ples, the decays were followed for four months, cf. 
Figure 5. The measurements were performed with 
both degassed and not degassed samples, and the re-
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Fig. 5. Enhancements of TANOL/water-oil 10 mM solu-
tions prepared on August 12, 1996 in vacuum and then ob-
served for four months (•); TANOL/water-oil 10 mM solu-
tions prepared on July 12, 1994 in vacuum opened to air in 
March 1996, then degassed again on August 12, 1996 and 
observed for four months (•). 

suits indicate a slight increase in the observed en-
hancements after the degassing procedure. The follow-
ing decay in time makes us think that there is a slow 
process of complex formation between nitroxides and 
oil molecules. After the slow decay, i.e. approximately 
four months after the measurements, the samples were 
opened to air again and the measurements were re-
peated. Interestingly, again a slight increase in the 
observed enhancements was seen. 

To finish with, this study gave us some information 
about the D N P of oils and oil-water solutions in weak 
magnetic fields. However, to get further information 
about these solutions, a temperature dependent study 
is necessary. 
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