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A weak field DNP study of 4-hydroxy-2,2,6,6-tetramethyl-
1-piperidinyloxy (4-hydroxy-TEMPO), 4-amino-2,2,6,6-tetra-
methyl-1-piperidinyloxy (4-amino-TEMPO), and 2,2-Di(4-
tert-octylphenyl)-1-picrylhydrazyl (DPPH) free radicals in
various solvents was performed at 1.53 mT using a double
resonance spectrometer. 4 transitions, in which the RF field
has a component perpendicular to the static magnetic field
B,, and o transitions, in which the RF field has a compo-
nent parallel to By, were recorded. In order to observe the
o transitions a new probe head was designed. The o transi-
tions were obtained at the frequencies expected from theoreti-
cal calculations. However, the results obtained for the ob-
served enhancements deviated from the values expected
© 1998 Academic Press

signal is enhanced. The observed enhancement is describec
the ratio of the NMR signal amplitudes with and without the
excitation of the EPR transition:

P,
G(P) = Py 1. [1]

In theory the observed enhancement described in this way is
function of the leakage factor, saturation factor, and transitio
probability of the EPR line of interes®).

The EPR spectra of the samples can be calculated by solvi
the time-independent Hamiltoniad(, 11):

theoretically.

O=gpB-S+ > AS-I,. [2]
INTRODUCTION :

In recent years low field DNP studies have regainetiwo systems were investigated in this study. Foraﬁ—§l =
importance. The main reason for the low field studies is tHe system resonance frequencies and transition probabiliti
necessity for lower frequencies in order to prevent powwere calculated. At 1.53 mT the theoretical spectrum includin
deposition and sample heating in biological samples3(. bothw ando transitions was obtained (Fig. 1)3). For an S=
Nitroxides are well-known free radicals and there are stud-
ies on the design of new nitroxides for the biological appli-
cations of DNP 4—6). In recent studies transitions of the
nitroxide radical PCA were investigated at 6.8 mT and it
was proposed that the transitions would be more efficient
at the 0-1.7 mT field region because of the increase in the
transition probabilities with decreasing field, (8). The aim
of this study is to record ther and for the first time ther
spectra of nitroxides at 1.53 mT and to compare them wit
the theoretical expectations.

~
T

Intéhsity

THEORY ol

The DNP study is based on the transfer of magnetization 1 - L
from electrons to protons as a result of cross-relaxation pro- 0 20 40 60 80
cesses. Following the excitation of an EPR transition the NMR v (MH?)

100 120

1To whom correspondence should be addressed. E-mail: maral@eti.cc.hun.edulilG. 1. Theoretical spectrum of 4-amino-TEMPO/water. (<=transi-
Fax: (312) 235 25 50. tions, (———)o-transitions.
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FIG.2. S= ; I, = |, = 1 system (A)o-transition probabilities (the

energy levels are numbered in decreasing order), €B)ansitions, (C)
o-transitions.

%, I, = 1, = 1 system, forA; =~ A,, the resonance frequencie
and transition probabilities were also calculated and the m

the measurements relatedddransitions, a new probe head
was designed. A variety of coil geometries were examinec
At 1.53 mT the best result was obtained when a solenol
(length 4.3 cm, diameter 3.8 cm, wire diameter 0.3 mm) fo
NMR and a single-turn saddle shaped coil (length 4.2 cn
diameter 3.0 cm, wire diameter 3.0 mm) for EPR was usel
The probe head was inserted on a turntable, so that it wi
possible to record the spectra at an arbitrary angle betwe
B, and B, (15). The inhomogeneity of the RF field, which
causes the appearance of thdransitions in the spectrum
when this field is kept parallel to main field, was 7%. This
value is calculated from the intensity ratios wftransitions
obtained when the RF field is perpendicular and parallel t
the static field.

The 1 mM solutions of 4-amino-2,2,6,6-tetramethyl-1-pip-

netic field dependence of thetransition probabilities and the

theoretical spectra fofr and o transitions were plotted (Fig.
2A, B, C).

EXPERIMENTAL

Studies were performed using a double resonance spe& 1

trometer working at 1.53 mT that has a fixed proton reso-
nance frequency of 65 kHz and variable EPR frequencies in 0+

the range of 5-120 MHz. In our previous studies in this field
(10, 11, 13, 1% = transitions were recorded using a probe
head in which electron resonance RF fidg and proton

resonance RF fiel®, were parallel to each other and both g1 3. The spectra of 4-amino-TEMPO/water samples for an RF field (A

were perpendicular to the static fieBg. In order to perform at 45° ¢r and o), (B) at 90° (), (C) at 0° ©).
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14) was % but with the new probe head, since the coil
15F geometry was changed and the amount of the sample w
increased, a reasonable signal-to-noise ratio was obtain
for V/v = 1. The voltage across the EPR coil was measure
10 by a high-frequency AC voltmeter (Rohde & Schwarz,
R BN1050).
=™
S St
RESULTS AND DISCUSSION
Or M V - The observed enhancements were calculated using t
two methods given in previous studiek (2. In the method
sl L , , given by Miuler-Warmuth @), at first the energy levels,

0 20 40 60 80 100 120 wavefunctions, and transition probabilities of the:S%,
| = 1 system were calculated. Then, using the populatio
v (MHz) . ) L
changes in the energy levels as a result of irradiatio
FIG. 4. The fitted spectrum of 1 mM 4-amino-TEMPO/water. (—) fittedoN€ Of the permitted transitions, the theoretical enhanc
line; (@) experimental. ment related to the irradiated transition was determinec
Calculations were performed for each allowed transitiol
under partial saturation conditions. In the second methot
eridinyloxy (4-amino-TEMPO) in water and tetrahydrofuramiven by Guiberteau and Grucket2), the energy levels,
(THF), 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinyloxy (4-hy4transition probabilities, and wavefunctions were calcu
droxy-TEMPO) in water and phosphate buffer, and 2,2-di(4ated in a similar way, and the same results as in ref. (
tert-octylphenyl)-1-picrylhydrazyl (DPPH) in benzene werevere reached. In this case, however; to calculate theor
prepared and degassed using the freeze—thaw—pump technitjoal enhancements, the total saturation case=(1) was
The sample tubes were 25 mm in diameter and the samplensidered in the population equations and the er
volumes were 20 ch hancements obtained for each allowed transition wer
In the spectrometer used, EPR spectra must be obtaimadltiplied by the transition probability of the considered
by keeping the EPR field amplitude constant and varying theansition.
EPR frequency step by step between the required limits.The experimental spectrum of 4-amino-TEMPO in wate
Since field amplitude is proportional t4(V)/v(MHz), this is given in Fig. 3.7 and ¢ transitions were obtained at
ratio is kept constant during the recording of the spectra. &xpected frequencies. In the calculated spectra of th
order to avoid saturation, this ratio is chosen as low ammple, the intensity ratios of the resonance peaks fo
possible. The usual value used in our previous studids (low the correct order in both methods with the experi:

TABLE 1
Fitted and Theoretical Values of Resonance Frequencies and Linewidths of Samples

Resonance frequencies and linewidths

Samples ™ T T3 Ty g T o, o,

4-Amino-TEMPO Water Fitted” (MHz) 0.73 1.14 2.34 1.34 1.73 2.44 2.50 2.03
A = 47.80 MHz Fitted v (MHz) 9.90 12.4 20.7 49.5 82.8 104.8 70.4 94.7

Theoretical v (MHz) 10.0 12.4 20.7 49.5 82.8 104.8 70.2 95.1

THF FittedI" (MHz) 0.66 1.44 2.42 1.33 1.90 2.95 1.14 2.42

A = 43.70 MHz Fitted v (MHz) 9.60 121 215 44.0 77.4 99.1 65.0 89.0

Theoretical v (MHz) 9.50 121 21.3 44.0 77.4 99.0 65.3 89.5

4-Hydroxy-TEMPO Water Fitted" (MHz) 0.87 1.22 2.29 1.34 1.79 2.53 1.76 2.26
A= 47.96 MHz Fitted v (MHz) 9.87 125 20.8 49.5 82.9 104.8 70.2 94.6

Theoretical v (MHz) 9.80 12.4 20.7 49.7 82.8 105.1 70.4 95.3

Phosphate buffer FitteB (MHz) 0.70 1.10 2.00 1.14 1.63 2.35 1.14 2.14

Fitted v (MHz) 9.80 12.4 20.7 49.7 82.8 104.8 70.5 94.8

A = 47.96 MHz Theoretical v (MHz) 9.80 12.4 20.7 49.7 82.8 105.1 70.4 95.3
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TABLE 2
Example of DNP Calculations, DNP Values of 4-Hydroxy-TEMPO/Water

™ Ty T3 Ty s g oy gy
Ref. ©) s=1 -5.3 -4.7 -23.7 45.2 -54.3 -131.8 — —
s free — — -0.88 0.41 ~0.67 ~0.66 — —

Ref. (12) s=1 -0.04 -0.17 -1.30 1.00 -3.74 —-12.00 -2.82 -5.31

mental ones, but the calculated enhancements are not cenhancements at all transitions exceptand mg. The de-
sistent with the experimental values if tise= 1 approxi- crease in the observed enhancementsofpand =g transi-
mation is used. Nevertheless, using the theoretical enhantens might be caused by a change in the dominant rela
ment equations in ref9j and leaving the saturation facter ation process. To understand this behavior, relaxation tir
as a free parameter, it was possible to obtain a good fitasurements are necessary. However, we have not
between the experimental and calculated spectra (Fig. gerformed these measurements with the new probe he
This was performed by fitting the experimental data to the

relation
5
A G
(=In2)(v = v,) 4 :
V(@) = 3 (Yna exp{}, Bl sl $
A %o
& 2 o
(ymax)i = (InZ/W)MZFi_l(DNPexp)i [4] C 8 [¢] &
| R0 %booo o ?
using the MINSQ packet prograni€). Here y; are the reso- 0 200090 :CC‘%PM °

nance frequencies; are the linewidths, and (DNE); are the 0 20 20 60 80 100 120
experimental DNP factors, which can be written as

v (MHz)
(DNPexp)i = (DNPtheo)i*Sr [5]
3,61 B -
where (DNR, )i are the theoretical DNP factors calculated 1 2
from the equations in ref9f and s are the saturation factors. ’ gg’
The fitted and theoretical values of the resonance frequencggsl 84 g%
and the linewidths of the samples are given in Table 1. Becau,seO 9l o 2 i
of the overlap of the transition at 9.87 and 12.5 MHz, the OOO§@ &S & °
values obtained are not reliable and therefore are not given in 0,07 20%§%° ™ 00000 o 60 ° &eo
Table 2. : : : . T

The above investigations were repeated for 4-hydroxy 0 20 40 60 80 100 120
TEMPO/water sample and a good fit was reached again v (MHz)
by leavings as a free parameter. For this sample, DNP
factors obtained from the fit and from the theoretical cal-
culations using thes = 1 approximation are given in 1,84 € )

Table 2 for comparison with the results of the methods in 95%
1,24
refs. @) and (L2). 5,

In order to understand the dependence of observed - 0,6- o &O%oof PR
hancements on solution and solvent éntransitions, the o 2 °
solutions of 4-amino-TEMPO in water and THF and of -0 “e® oooooo?goo 007 0
4-hydroxy-TEMPO in water and phosphate buffer were -0,61
prepared and their spectra were recorded (Fig. 3 and Fig. 0 20 40 60 80 100 120
5A, B, C). The observed enhancements of all samples are
given in Fig. 6A, B. Consideration of the observed enhance- v (MHz)

ments in Fig. 6A indicates that with the change of solventgig 5. The o-spectra of various samples: (A) 4-hydroxy-TEMPO/phos-
from water to THF, there is an increase in the observetate buffer, (B) 4-hydroxy-TEMPO/water, (C) 4-amino TEMPO/THF.
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(Fig. 7A, B). For 7 transitions the resonances at 22.5
and 37.7 MHz are at opposite polarizations to the othe
transitions in the spectruml{). An inspection of the ex-

perimental o spectrum obtained for DPPH indicates that
all the transitions combined to give an envelope, and fror
the comparison of this experimental spectrum to the calct
lated one (Fig. 2C), a shift in the frequency of the transi
tion with highest intensity was observed. This made u

[n] th. M. .
l ! \/ think that there might be a transition having opposite polar
5| °1 %2 ization. Since it was not possible to determine this fac
) experimentally, a FORTRAN program was prepared an
20 40 60 30 100 both_qr and o spectra were S|mulate(_1._ The best result wa
obtained by assuming that the transition at 48 MHz had a
v (MHz) opposite polarization (Fig. 7A, B). However, since the
signal-to-noise ratio fowr transitions of DPPH was quite
small, the standard deviation was found to be greater the
' B that of the other samples. The greatest enhancement f
157 ar transitions was 4.7, and it was obtained for the transitio
10'_ at 75 MHz. Similarly, the greatest enhancement datran-
s 1,0
S ﬂ ] OF
0 --.ﬂ“ ....................... TR | i H
1 [ 0,8}
i 2
-5 1 o, A
I N 1 n L s 1 " 1 L I 8 0’6 i
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FIG. 6. Observed enhancements of (A 4-amino-TEMPO/water, 0.2+
O 4-amino TEMPO/THF, (BJll 4-hydroxy-TEMPO/water2 4-hydroxy- ’ |
TEMPO/phosphate buffer. 0.0

20 40 60 80 100 120

because of the limited power (10 W at %) of our RF
amplifier. In Fig. 6B, the observed enhancements of 4-hy-
droxy-TEMPO in water and phosphate buffer exhibit no
difference except a slight decrease near 50 MHz and 80
MHz for phosphate-buffered solutions. On the other hand, in
the previous work 13, 14 the ultimate enhancements of
transitions obtained from saturation measurements using the

conventional probe head were reported. In that work, solu®

tions of 4-hydroxy-TEMPO in water had smaller ultimate %
enhancement at almost all frequencies relative to solution§
of the same molecule in ethyl alcohol and THE3); ethyl
alcohol solutions had intermediate values, and THF solu-
tions had the greatest values. From these results it can be
concluded that ethyl alcohol and THF are more convenient
solvents than water for observing and o transitions of
4-hydroxy-TEMPO.

The other sample studied was the 1 mM solution of

DPPH free radical in benzene, which belongs to the % FIG. 7.
I, = I, = 1 system. Bothr and o transitions were recorded simulated, ®) experimental.

(A) m-transitions and, (Bp-transitions of DPPH/benzene. (—)

20 40 60 80 100

v (MHz)

120
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sitions was obtained for the transition at 68.5 MHz and ha@. D. Grucker, T. Guiberteau, B. Eclancher, J. Chambron, R. Chiarelli,

the value of 1.5.

In conclusion, for the first time at 1.53 mT we observed
spectra of free radicals. Further studies are necessary usiﬁg

A. Rassat, G. Subra, and B. Gallez, J. Magn. Reson. B 106, 101
(1995).

T. Guiberteau and D. Grucker, J. Magn. Reson. A 105, 98 (1993).

radicals with narrower linewidths to obtain better enhance8- D- G. Gillies, L. H. Sutcliffe, and M. R. Symms, J. Chem. Soc.

ments foro transitions; also, relaxation time measurements

will complete the information received at this field.
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