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Alcohols with nuclear spins highly polarized due to the polarization transfer from stable ni-
troxyl radicals are suitable materials for polarized nucleon targets. In this work the ethanol-
TEMPO system was studied by 1H and 13C high resolution NMR in a liquid phase. The
concentration and temperature dependences of spin-lattice relaxation rates, linewidths and
chemical shifts were measured. The highest impact of doping was seen for protons of OH
group as a result of hydrogen bonds to the oxygen of TEMPO. For the other nuclei the relax-
ation enhancement corresponds to the diffusion-controlled regime above 210 K.

PACS: 76.60.Es, 82.56.Na, 82.30.Rs

1 Introduction

Interactions between electron and nuclear spins are known to give rise to effective relaxation
mechanisms for an excited nuclear spin system. On the other hand, these interactions can be
employed in processes of dynamical nuclear polarization to achieve a high polarization of the
nuclear spin systems which exceeds many times the equilibrium values in accessible static mag-
netic fields. Materials with highly polarized nuclear spins are needful for spin-dependent scat-
tering experiments in nuclear and particle physics [1, 2]. Stable free nitroxyl radicals added to
the alcohols are one of the real systems in which the polarization transfer from electron spins to
hydrogen nuclei (1H and 2D) of alcohol molecules in solid samples is well enabled [3, 4]. Our
aim is to characterize in details interactions between the electron spin of TEMPO radical and
ethanol nuclear spins.

TEMPO (2,2,6,6 tetramethylpiperidin-1-oxyl, Fig.1) or its derivates are used widely as spin
labels for electron spin resonance experiments and can also be employed as paramagnetic probes
in experiments based on nuclear magnetic resonance (NMR) [5]. NMR spectra and spin relax-
ations in alcohols have been studied for a rather long period to get information on molecular
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Fig. 1. The radical TEMPO molecule.

dynamic, hydrogen exchange, and particularly to understand forming and properties of inter-
molecular hydrogen bonds in polar solvents (e.g. [6–9]). This work presents results of the first
phase of our investigation devoted to the effect of TEMPO on NMR characteristics of liquid
ethanol within a wide temperature range.

2 Experimental

TEMPO of 98 % purity was purchased from Aldrich; ethanol absolute for analysis, purity
> 99.9 %, from Merck. A series of six ethanol samples was prepared with the TEMPO con-
tent from zero to 1.5 weight %. The samples in standard 5 mm NMR tubes were degassed and
then sealed under argon atmosphere. 1H and 13C NMR spectra were measured using the NMR
pulse spectrometer Bruker AVANCE 500 in a temperature range of 150 - 300 K. Relaxation times
T1 were determined by the inversion recovery.

3 Results and conclusions

Ethanol molecule includes three groups of equivalent protons and two carbons atoms. Its 1H and
13C NMR spectra consist then of 3 and 2 lines, respectively. The effect of TEMPO on chemical
shifts and linewidths was detectable starting from the concentration of 0.05 wt%. While only
a weak modulation of the chemical shift was obtained, the increase of the linewidth with the
TEMPO concentration was significant (especially at low temperatures). The broadening of the
1H(OH) line was several times larger than that of the other lines indicating clearly that partic-
ularly at low temperatures the ethanol molecules interact with TEMPO by means of hydrogen
bonds between the OH donor group of ethanol and the nitroxyl acceptor group of TEMPO.

The longitudinal relaxation rates R1 = 1/T1 increased with TEMPO concentration linearly
at all temperatures (see Fig. 2). For a particular sample, a strong temperature dependence was
found (Fig. 3). R1 of the OH proton, for which the effect of TEMPO was the strongest, was max-
imal at ∼ 200 K. On the contrary, relaxation rates of the other 1H and 13C signals predominantly
increased monotonously with decreased temperature.

The enhancement of relaxation rates R1 is caused by fluctuating interactions between the
electron spin of the unpaired electron of TEMPO radical and the nuclear spin. These fluctuations
may origin in spontaneous transitions of the electron spin, in a rotational motion of the ethanol-
TEMPO complex, or in a chaotic diffusion motion of ethanol molecules in respect to TEMPO
[10]. In all cases, the relationship between R1 and TEMPO concentration should be linear, i.e.
the first derivative (slope) k1 of R1 with respect to TEMPO concentration should be constant for
a given temperature. The slopes k1 are therefore the basic measures of the relaxation behaviour
(Fig. 4, symbols).
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Fig. 2. Dependence of the relaxation rates R1 in
ethanol on the TEMPO concentration at 210 K.
Data for 1H(OH) are multiplied by 0.2; lines for
13C(CH2) and 13C(CH3) nearly coincide.

Fig. 3. Dependence of R1 in ethanol on temperature
for 0.05 wt% of TEMPO.

Published estimations of the correlation times in alcohol - TEMPO derivative systems [5,11]
reveal that at room temperature the system should be in a diffusion-controlled regime [10]. It is
characterized by translation-diffusion coefficients Di and the distance of the closest approach d
of ethanol molecule to TEMPO. The diffusion correlation time τD can be evaluated as

τD =
d2

Dethanol + DTEMPO
; Di =

kBT

6πaiη
, (1)

where ai represents a size of the i-molecule (its dynamic radius), η stands for a viscosity of
the liquid and kB is Boltzmann constant. These formulae imply that τD is proportional to η/T .
This allows us to model the temperature dependence of the relaxation enhancement by using
the tabulated ethanol viscosity [12], according to equation describing the diffusion-controlled
regime [10] (in SI units):

k1 =
100 µ2

0
h̄2NA γ2

S γ2

I

27 π d (Dethanol + DTEMPO)
(7J(ωS) + 3J(ωI)), (2)

where ωS and ωI are electron and nuclear Larmor frequencies, γS and γI are corresponding
gyromagnetic ratios, NA is Avogadro constant, µ0 is permeability of vacuum. A spectral function
J(ω) is given [10] by

J(ω) =
1 + 5z/8 + z2/8

1 + z + z2/2 + z3/6 + 4z4/81 + z5/81 + z6/648
; z = (2ωτD)1/2. (3)

We made a fit of k1 (eq. (2)) for protons except the 1H(OH) and for carbon nuclei, using com-
mon ζ = (aethanol.aTEMPO)/(aethanol + aTEMPO) and d as free parameters. The predicted
temperature dependences fitted well to the experimental results for 13C relaxations and quite rea-
sonably also to the relaxations of 1H(CH2) and 1H(CH3) for temperatures above ∼210K. The
optimized values of the free parameters, d=0.40 nm and ζ=0.12 nm, correspond nicely to the ge-
ometry of interacting molecules. This confirms that the diffusion-controlled regime is dominant
for the relaxation enhancement of 13C and 1H in ethanol except the OH group.
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Fig. 4. Determined concentration slopes k1 of the paramagnetic relaxation enhancement from experiment
(symbols) and the values predicted assuming the diffusion controlled regime (lines).

On the other hand, the translation-diffusion mechanism represents only a minor part of the
OH proton relaxation enhancement. It is obvious from Fig. 4 (on the left) where the enhancement
calculated according to eq. (2) is indicated by the dashed line. The main relaxation enhancement
concerns obviously a formation of a complex of ethanol molecule with the TEMPO via the hy-
drogen bridge. The OH proton in the complex is situated at the closest distance from the electron
spin which makes a rotational mechanism more effective. Besides the dipolar mechanisms a
Fermi contact interaction can take a role for the OH protons. The hydrogen bridge formation
seems to influence also but weakly the other protons in ethanol.
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