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Abstract

The interaction of molecular oxygen with derivatives of nitroxide EPR spin labels has been investigated using nuclear spin-relaxation
spectroscopy in aqueous and nonaqueous solvents. The proton spin–lattice relaxation rate induced by oxygen provides a measure of the
local concentration of oxygen, which we find is dependent on solvent. In water, the hydrophobic effect increases the local concentration
of oxygen in the nonpolar portions of solute molecules. For nitroxides reduced to the hydroxylamine in aqueous solutions, we find that
the local concentration of oxygen is approximately twice that associated with a free diffusion hard sphere limit, while in octane, this effect
is absent. These results show that nitroxide based ESR oximetry may suffer a reference concentration shift of order a factor of two if the
aqueous nitroxide spectrum or relaxation is used as the reference.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The use of nitroxide ESR to measure oxygen concentra-
tion has provided considerable information about the distri-
bution of oxygen in a variety of heterogeneous biological
environments [1–20]. The method depends on the change
in the electron spin relaxation induced in nitroxide radicals
by collisional encounters with oxygen. The relaxation rate
is a linear function of the oxygen concentration, which is
the basis for defining local oxygen concentrations.

A primary application is to biological systems that pro-
vide a complex mixture of different local environments such
as the low dielectric environment of a membrane interior or
the high dielectric aqueous cytosol. The oxygen collision
probability may be affected by the local solute properties,
and we investigate here the extent of the differences that
may be expected for reduced nitroxides in aqueous com-
pared with nonaqueous environments. The approach that
we use is to explore the paramagnetic contributions to
the proton spin–lattice relaxation rates of reduced nitrox-
ides in water and in nonaqueous solvents and compare
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the differences with simple hard-sphere diffusional relaxa-
tion models in both cases. These nuclear spin-relaxation
measurements show that the reduced nitroxide associates
with oxygen more in water than in nonaqueous solutions.
This observation implies that in structurally similar nitrox-
ide molecules, the comparison of oxygen induced electron
spin-relaxation rate changes between aqueous and non-
aqueous environments require attention to this difference.

2. Experimental

TEMPOderivatives 4-hydroxy-2,2,6,6 tetramethylpiperi-
dine-1-oxyl (4-hydroxy-TEMPO), 4-carboxy-2,2,6,6 tetram-
ethylpiperidine-1-oxyl (4-carboxy-TEMPO), 4-amino-
2,2,6,6 tetramethylpiperidine-1-oxyl (4-amino-TEMPO),
sodium hydrosulfite, and phenylhydrazine were purchased
from Sigma–Aldrich Chemical (St. Louis, MO, USA), deu-
terated solvents were obtained from Cambridge Isotope
Laboratories (Andover,MA,USA). Compressed gases were
purchased from Messer MG Industries (Malvern, PA,
USA).

The hydroxylamine derivatives of the hydroxyl-, carbox-
yl-, and amino-nitroxides were prepared by reduction with
sodium hydrosulfite in situ [21]. For aqueous solutions, the
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nitroxide was reacted with an equivalent amount of sodium
hydrosulfite and NMR measurements were made several
hours later at a nominal concentration of 50 mM of the
hydroxylamine. Reduction of 4-hydroxy-TEMPO in chlo-
roform was accomplished using phenylhydrazine as the
reducing agent [22]. The hydroxylamine was recrystallized
from chloroform and used for experiments in nonaqueous
solvents at concentrations of approximately 15 mM in
chloroform and 7 mM in octane.

Samples for NMR measurements were contained in Wil-
mad 524PP glass tubes (Buena, NJ, USA). Solutions were
prepared using up to 6 freeze–pump–thaw cycles on a gas
manifold and then loaded with oxygen or nitrogen at pres-
sures determined by the gauge reading on a 2-stage regula-
tor. Gas pressures were 11 atm in aqueous solutions, 3 atm
in octane solutions, and air was used as the oxygen source
for chloroform solutions because of the high oxygen solu-
bility. NMR measurements were made using a Varian Uni-
ty Plus NMR spectrometer operating at 500 MHz and
25 �C. T1 measurements were made using a standard inver-
sion recovery sequence.

3. Results and discussion

The relaxation rate of the solute protons is enhanced by
the presence of molecular oxygen; however, the local con-
centration of oxygen in water around a solute may vary
as a function of the solute structure [23]. The paramagnetic
contribution to the solute proton relaxation rate constant
by a freely diffusing paramagnetic relaxation agent through
a dipole–dipole coupling has been discussed in detail
recently [23,24]. We note that while the electron–nuclear
dipolar coupling may dominate the nuclear spin–lattice
relaxation rate constant, the electron relaxation induced
by oxygen in nitroxides is dominated by spin exchange
mechanisms. The proton spin–lattice relaxation rate con-
stant is linear in the paramagnet concentration and de-
pends on a structural or steric factor that affects the
uniformity of contact between the observed proton and
the diffusing paramagnetic cosolute. In the present experi-
ments, the cosolute is oxygen, which is small and sensitive
to the local steric factors of the solute studied. To account
for these steric factors, we compute a relaxation rate or the
strength of the oxygen–proton dipolar coupling from a lat-
tice model. Essentially we numerically integrate the dipolar
coupling by summing 1/r6 contributions using a lattice of
points about the solute molecules and presume that the
oxygen concentration is uniform everywhere in the solu-
tion. The result is compared with a spherical hydrogen
atom to provide a steric factor f between 0 and 1 that ac-
counts for the molecular shape in modifying the effective
distances of approach between the relaxation agent and
the particular proton detected. In the present experiments,
we normalize the relaxation rates for the solute protons to
those detected for the solvent protons to provide a refer-
ence. At a particular magnetic field we may then write
the relaxation equation
1

T 1k
¼ BP

½S�
bD

J ; ð1Þ

where B defines the strength of the dipolar coupling, b, the
distance of closest approach between the electron and
nuclear spin, [S] the concentration of the electron spin, D
the relative translational diffusion constant, and J the
sum of spectral density functions evaluated at the reso-
nance magnetic field strength which is a function of the
electron relaxation time constant and the relative transla-
tional correlation time. Oxygen has an electron spin-relax-
ation time of �7.5 ps [25]. Because this correlation time is
short, the correlation time for the electron–nuclear cou-
pling is dominated by the electron spin-relaxation time
and is only weakly a function of the relative translational
correlation time. The relaxation rate constant is a function
of the oxygen concentration and the factors that define the
accessibility to the observed nuclear spins. For the kth pro-
ton site

Pk ¼ fkKk; Kk ¼ ½O2;local�=½O2;bulk�; ð2Þ
where fk is a geometric factor that accounts for the local
bonding pattern in the molecule that limits uniform access
to the detected nuclear spin compared with a spherically
symmetric hydrogen atom. The ratio of concentrations in
Kk is related to the free energy difference between the local
environment of the solute proton and the bulk environ-
ment of the solvent proton. The paramagnetic contribution
to the solvent protons provides a reference for Eq. (2).
Then, the ratio of the paramagnetic contributions to the
relaxation rate constants yields the concentration ratio,
K, and the lattice sum calculations provide the steric fac-
tors, f.

Rpara
1;solute

Rpara
1;solvent

¼ P soluteBJ ½O2;local�
P solventBJ ½O2;bulk�

¼ fsolute
fsolvent

K. ð3Þ

We summarize the steric factors for the solvent and sol-
ute protons in Table 1. In all cases the factors listed repre-
sent the average taken over all protons of that type, e.g.,
three for methyl groups. The values of K deduced from
the ratio of the relaxation rate constants are summarized
in Table 2 for aqueous solutions of the hydroxylamines ob-
tained by reduction of the corresponding nitroxides. The
values of K vary for different protons, but are close to 2
for most cases. The 4-carboxy values are larger, and the
4-amino values slightly smaller; however, the values of K
are significantly different from unity.

Measurements in nonaqueous solvents are somewhat
difficult for these compounds because of limited solubility
and, in chloroform, time dependent oxidation of the
hydroxylamine by oxygen to the corresponding nitroxide
that is paramagnetic and which increases the solute and
solvent proton relaxation rates. To overcome the effects
of the oxidation, we measured the proton relaxation rates
as a function of time, and extrapolated to zero to obtain
an initial proton relaxation rate in the presence of oxygen,
but not nitroxide. Data for chloroform solutions are shown



Fig. 1. The proton spin–lattice relaxation rate constants as a function of
time for the protons in 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-hy-
droxylamine in chloroform at a resonance frequency of 500 MHz: open
circle, chloroform proton; open square, C-4 proton; open diamond, axial
CH2; filled diamond, equatorial CH2; open triangle, CH3 equatorial; and
filled triangle, axial CH3.

Table 1
Geometric factors

Compound Proton f

Hydrogen atom Single proton 1.00
Water Proton 0.59
Chloroform Proton 0.36
n-Octane CH2 0.34
n-Octane CH3 0.45

4-Hydroxy-2,2 0,6,60-tetramethylpiperidine-N-hydroxylamine (I) CH-R 0.26
CH2eq 0.30
CH2ax 0.26
CH3eq 0.35
CH3ax 0.33

4-Amino-2,20,6,60-tetramethylpiperidine-N-hydroxylamine (II) CH-R 0.23
CH2eq 0.28
CH2ax 0.26
CH3eq 0.35
CH3ax 0.33

4-Carboxy-2,2 0,6,6 0-tetramethylpiperidine-N-hydroxylamine (III) CH-R 0.22
CH2eq 0.28
CH2ax 0.22
CH3eq 0.35
CH3ax 0.33

Geometric factors for protons in tetramethylpiperidine-hydroxylamine and solvents calculated based on a 0.025 Å lattice; R is hydroxy-, amino-, or
carboxy-group in the corresponding hydroxylamines.

Table 2
Relaxation summary

Compound Proton Shift (ppm) 1/T1p (s
�1) K

I HOD 4.74s 1.63
C–H 4.25m 1.57 2.2
CH2eq 2.15m 1.67 2.0
CH2ax 1.55m 1.31 1.8
CH3eq 1.50s 1.73 1.8
CH3ax 1.47s 1.73 1.9

II HOD 4.74s 1.67
C–H 3.90m 1.10 1.7
CH2eq 2.27m 1.25 1.6
CH2ax 1.80m 1.09 1.5
CH3eq 1.55s 1.66 1.7
CH3ax 1.52s 1.74 1.9

III HOD 4.74s 1.85
C–H 2.86m 1.91 2.8
CH2eq 2.05m 2.08 2.4
CH2ax 1.63m 1.81 2.6
CH3eq 1.50s 1.91 1.8
CH3ax 1.46s 1.99 2.0

Summary of relaxation rates for protons at different chemical shifts in
aqueous solutions of tetramethylpiperidine-hydroxylamine.
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in Fig. 1 and the summary of relaxation results is presented
in Table 3. The values of K in chloroform are similar to
those in water; however, the values in n-octane, which
may model a membrane interior, are the order of 1. Thus,
in n-octane, the solvent and the solute experience the same
local oxygen concentration, while in water and the chloro-
form, the solutes experience a higher local oxygen concen-
tration than the solvent protons. The differences are of
order a factor of 2.
The NMR measurements reported here are for the dia-
magnetic hydroxyl amine, which we take as a model for the
corresponding nitroxide. An increase in the oxygen colli-
sion frequency or effective concentration in hydrophobic
regions of solutes in water appears to be fairly general as
measured by this proton spin-relaxation method [23,24].
In extrapolating the hydroxyl amine result to the nitroxide,
the assumption is that the added proton and the associated



Table 3
Relaxation summary

Solvent Proton Shift (ppm) 1/T1p (s
�1) K

Chloroform CHCl3 7.24s 0.31
C–H 4m 0.50 2.2
CH2eq 1.92m 0.58 2.2
CH2ax 1.54m 0.58 2.5
CH3eq 1.2s 0.58 1.9
CH3ax 1.18s 0.36 1.2

n-Octane CH2 (oct) 7.23m 2.43
CH3 (oct) 6.82s 2.53 0.8
CH3eq 7.14s 2.56 1.0
CH3ax 7.12s 2.49 1.1

Summary of relaxation rates for protons at different chemical shifts in
nonaqueous solutions of tetramethylpiperidine-hydroxylamine.
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bond dipole moment cause major changes in the effective
environment as sensed by the oxygen. If the hydroxyl
amine adds a hydrogen bonding position for water which
would increase the steric exclusion of oxygen from this part
of the molecule, then, in the present measurements we
would observe an oxygen concentration that would be re-
duced compared with that appropriate to the nitroxide
and we would underestimate the concentration differences
that would be detected were the paramagnetic nitroxides
observable in a high resolution NMR spectrum. If we as-
sume that the hydroxyl amines are very similar to corre-
sponding nitroxides with respect to the interaction with
oxygen in aqueous and nonaqueous environments, then
comparisons of oxygen induced nitroxide-electron relaxa-
tion rate changes may underestimate the effective oxygen
concentration differences between the bulk aqueous phase
and a hydrocarbon. For example, the present data suggest
that if one used the oxygen induced relaxation of a nitrox-
ide in water to compare with the oxygen induced relaxation
in a phospholipid membrane interior, the difference in oxy-
gen concentrations may be underestimated by at least a fac-
tor of 2. We note, however, that the chloroform result
implies that intermolecular effects may be subtle and not
easily forecasted or explained by simple arguments based
on dielectric constant differences or hydrophobic effect
assumptions.
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