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The solutions of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), 4-hydroxy-TEMPO
(TEMPOL) in ethyl alcohol and tetrahydrofurane (THF), 4-amino-TEMPO (TEMPA-
MINE) in THF were prepared in a concentration range of 0.1 - 10mM. The EPR (0.3T)
spectra of these samples were recorded at room temperature. Experimental spectra were
simulated using high field approximation. For this purpose a FORTRAN program was
written and by the use of this program hyperfine coupling constants and intrinsic line
widths were determined. Electronic correlation times of the samples were calculated
from the line widths and their dependence on the solvent was discussed.

Keywords: EPR in solutions; line widths

1. INTRODUCTION

Many studies on nitroxide free radicals in the recent years at 0.3 T field
region were concentrated on the simulation of spectra and by this way
the determination of temperature and solvent dependence of hyperfine
coupling constants and correlation times [1-5]. In these studies
TEMPO, TEMPOL and TEMPAMINE were the most often used free
radicals. However, the studies on the determination of hyperfine
coupling constants were limited to only a few solutions [6—12]. As
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known the hyperfine coupling constants change with the changes in
viscosity, temperature and solvent polarity. Although there are some
studies to describe the change with solvent polarity by a certain
relation [8, 11], the confirmation of this relation necessitates further
studies, using different solvents and temperatures.

Under the nitrogen hyperfine envelop, proton hyperfine lines were
hidden and their intrinsic line widths include dynamic information on
the spin probes in solutions. These intrinsic line widths can be
calculated from the simulation of the nitroxide spectra.

In this study, the solutions of TEMPO, TEMPOL and TEMPA-
MINE were prepared in ethyl alcohol and THF in a range of 0.1~
10mM. The spectra of the samples were recorded and simulation of
spectra were performed by the use of a FORTRAN program which
utilize the high field approximation. The hyperfine coupling constants
and line widths were determined. The intrinsic line widths of protons
were used in the formula given by Kivelson [13] and the rotational
correlation times were calculated. The results obtained were compared
with the results in the literature.

2. EXPERIMENTAL

The solutions of the nitroxide free radicals TEMPO, TEMPOL in
ethyl alcohol and tetrahydrofurane (THF), and TEMPAMINE in
THF were prepared at 0.1,1,10mM concentration. All the samples
were degassed by freeze-pump-thaw technique. The spectra of the
samples were recorded at room temperature using a Varian E-9, X-
band spectrometer. In order to avoid from saturation effects and
modulation broadening all spectra were recorded at 2.5 mW.
Modulation amplitude was 1 puT, time constants were changed between
0.3-1s and scan ranges were 1, 2, and 10mT. The nitroxide spin
probes were obtained from Aldrich Chemical Co.

3. RESULTS AND DISCUSSION

Since the aim of the study was to calculate the proton hyperfine
coupling constants in solvents having various viscosity and polarity, it
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was first necessary to determine the equivalent groups of protons for
each sample and than to arrange the program to give the nitrogen
envelope. For the samples studied the equivalent groups of protons
were determined by NMR, ENDOR and for some solvents also by
EPR [11]. Accordingly for TEMPO there are three equivalent groups
having 12, 4 and 2 protons respectively. For TEMPOL there are five
different groups of protons and the proton numbers in the groups are
6, 6, 2, 2, and 1. TEMPAMINE free radical has the same equivalent
groups like TEMPOL but there is an additional splitting sourced from
the second nitrogen in its structure (Fig. 1). In solutions of nitroxides
the Hamiltonian did not include anisotropic contributions and since
the spectra were recorded at 0.3 T, high field approximation was used.
Therefore in simulation of spectra at first the resonance field values
were determined and the intensity of each transition was calculated
from Binomial coefficients. For each resonance line, Lorentzian line
shape was used and by summing up the derivatives of Lorentzian lines
the theoretical spectra were obtained. Within a nitrogen manifold, the
same line width was used for each hyperfine line. The above
calculations were performed by a on purpose written subroutine
FUNK [14]. This subroutine and SIMPLEX [15] routine for iteration
were joined under a main program and were used in the simulation of
experimental spectra. The simulation was performed for each sample
at each nitrogen line (m = 1,0,—1). The hyperfine coupling constants
were determined from the low concentration spectrum of each sample.
Then for higher concentrations the line widths were obtained using
these coupling constants. The goodness of fit was determined from

OH NH,
H3G CHz H3C CH;z HaC CH3
N N N
HaC CHs HaC I CH3 HaC CHs
o o 0
a b c

FIGURE 1 Spin probes used in this study. a) TEMPO, b) TEMPOL and ¢)
TEMPAMINE.
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o= [F/(t— k)

where F is the sum of the squares of the intensity differences between
experimental and calculated spectra, ¢ is the number of experimental
data points and k is the number of the parameters. The goodness of fit
was also controlled by eye. The results obtained were given in Table L.
TEMPOL /ethyl alcohol sample was studied before [10] and the results
obtained in our calculations were very close to the values found in the
earlier study.

In a previous study a linear relationship between nitrogen coupling
constant ay and proton coupling constant ay has been suggested [8]
and in another study the need of further studies was mentioned [11]. A
consideration of Figure 2 indicates no simple linear relation between an
and ay for TEMPOL. Similar plots were drawn for the other samples
and a linear dependence between ayn and ay could not be found.

The recorded spectra of the samples indicated a good resolution of
proton hyperfine structure for TEMPOL/ethyl alcohol sample at 0.1
and 1 mM, for TEMPAMINE/THF at 0.1 mM concentrations (Figs.
3a,b,c). For TEMPO/ethyl alcohol and TEMPOL/THF samples at
0.1 mM concentration the observed proton hyperfine structure was not
as clear as the above mentioned samples and for TEMPO/THF sample
the proton hyperfine structure could not be observed (Figs. 4a,b,c).
In Figure Sa the separate simulation of each nitrogen manifold was
given for TEMPOL/THF at 1 mM concentration. The joint simulation
of the nitrogen spectrum of same probe at 10 mM concentration was
given in Figure 5b. The reason of the joint and separate simulations of

TABLE I  Hyperfine coupling constants and the goodness of fits for nitroxide spin
probes in cthyl alcohol and THF

Probes Sol- Hyperfine coupling constants ( T)x10*+0.1 pT o
vents
ay  Aacw, AGcH, AcH, ACH, ay ay
(eq) (ax) (eq) (ax) (D 4
TEMPO Ethyl 16.32 0.210 0.210 0.377 0.377 0.153 0.044
alcohol
THF 15.57 0.264 0.264 0.396 0.396 0.171 0.018
TEMPOL Ethyl 16.12 0.432 0.020 0479 0.320 0.070 0.043
alcohol
THF 1551 0404 0.072 0.518 0.334 0.097 0.028

TEMPAMINE THF 1558 0456 0.037 0402 0.311 0.050 0.087 0.034
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FIGURE 2 Hyperfine coupling constants versus ring nitrogen hyperfine coupling
constants for TEMPOL. Open symbols for ethyl alcohol and THF, dotted symbols for
water and CCly [8] and solid symbols for pyridine [10].

FIGURE 3 my = | hyperfine lines of computed (dotted lines) and the experimental
(full lines) EPR spectra of a) TEMPOL in ethyl alcohol at 0.1 mM, b) TEMPOL in ethyl
alcohol at 1 mM and ¢) TEMPAMINE in THF at 0.1 mM concentration.
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FIGURE 4 my = 1 hyperfine lines of computed (dotted lines) and the experimental
(full lines) EPR spectra of 0.1 mM solution of a) TEMPO in ethyl alcohol, b) TEMPOL
in THF and ¢) TEMPO in THF.

FIGURE 5 The computed (dotted lines) and the experimental (full lines) EPR spectra
for TEMPOL in THF. a) The separate simulation of each nitrogen manifold at 1 mM
concentration. b) The joint simulation of nitrogen spectrum at 10mM concentration.

the m; = 1,0, —1 lines was the Heisenberg spin exchange, which causes
the broadening and overlapping of the nitrogen lines with increasing
concentration [16]. Therefore the separate simulation of each
resonance line is correct only if the nitrogen lines are not overlapping.
The increase in the nitrogen line widths depending on the concentra-
tion was given in Figures 6a and b. An inspection of this figure
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FIGURE 6 Variation of intrinsic line widths as a function of concentrations for
TEMPO (o), TEMPOL () and TEMPAMINE (A) in a) ethyl alcohol and b) THF.

indicates that for TEMPO the change in the line width with increasing
concentration was similar for both solutions. But for TEMPOL, this
change was at about 0.05mT for ethyl alcohol and 0.3mT for THF.
This might be sourced from the higher rates of the spin exchange with
increasing concentration.

Rotational correlation time is given by [1, 17].

B 47rr3n
- 3kT

Here 7 is the viscosity of the solvent, T is the temperature and r is the
hydrodynamic radius of the molecule. Rotational correlation time can
also be calculated from intrinsic line widths (in second) [8, 18].
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7.77 x 10710
T=—

b2 [WH(_I) - WH(O)]

Here b = 2n(az — an) in Tesla. ay is the nitrogen hyperfine coupling
constant, which was determined from simulation of the spectra and a,
is the Z component of the hyperfine coupling tensor. az = 3.2 mT for
nitroxides [11]. In calculation of the correlation time for TEMPOQO/
THF solution because of the unresolved hyperfine structure at the
lowest concentration, the joint simulation values were used. The
calculated correlation times were listed in Table II. At room
temperature, viscosities of water and CCl, are close to each other.
For THF, the room temperature viscosity is low and for ethyl alcohol
it has higher value. As the results for TEMPO and TEMPOL in ethyl
alcohol and THF solutions were compared, an increase in the
correlation times with increasing viscosity was observed. For
TEMPAMINE spin probe studied, a comparison of the correlation
times in THF solution with the correlation times in CCl; and water at
the same concentration and temperature indicated that, although the
viscosity of THF low, the correlation time obtained was higher for this
solution [8]. This might be as a result of the increase in the effective
radius of the molecule in this solution. However for a complete search
of correlation times, temperature dependent studies should also be
done.

In conclusion, in this study, using an on purpose written
FORTRAN program, simulation of spectra were performed, the
hyperfine line widths of the samples were determined and correlation
times were calculated. In further studies using the same program,
temperature dependent measurements will be performed.

TABLE IT  Intrinsic line widths and correlation times for nitroxide spin probes in ethyl
alcohol and THF

Probes Solvents intrinsic line widths Correlation
(T)x 10°+0.1 uT times (s)
Wi(l) W{0) Wi(-1)  7x1io"
TEMPO Ethyl alcohol  0.134 0.144 0.160 1.28
THF 0.180 0.181 0.191 0.73
TEMPOL Ethyl alcohol ~ 0.177 0.188 0.238 3.90
THF 0.221 0.221 0.246 1.81

TEMPAMINE THF 0.174 0.181 0.229 3.50
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