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ENDOR and triple resonance (GTR) of diphenyl nitroxide (DPNO) were observed in solution; it was
demonstrated that DPNO is an interesting model radical forming a three-spin system (electron and 'H- and 4N-

nuclear spins).

The detected “N-ENDOR belongs to one of the smallest hyperfine cases (An=0.9653 mT). Its

optimum temperature was 210 K, higher than that of the 'H, which is due to the large anisotropic hyperfine

interaction of 14N.

In the TH-ENDOR spectra the effect of cross relaxation was observed, as in the case of the 4N-

ENDOR lines; their temperature variations of intensity showed two maximum regions, one due to the optimum
energy relaxation in the 1N-spin system and the other due to the energy relaxation inherent in the *H-spin system.
In the triple studies new phenomena were pointed out: An enhancement saturation effect due to the large hyperfine
interaction and an intensified enhancement or de-enhancement effect due to the cross relaxation.

In investigations of electron spin resonance (ESR)
spectroscopy and its applications to chemistry, diphenyl
nitroxide (DPNO) has been used as a model radical for
a few decades. The reason may be that DPNO is not
only facile in handling, but also it can afford an interest-
ing spin system consisting of an electron spin and two
nuclear spins, 'H and “N. ESR experiments of DPNO
were first performed using single crystals, and some
variations of exchange narrowed lines were measured by
changing the magnitude of magnetic dilution in crys-
tals.) Then, well-resolved 'H-hyperfine spectra were
observed in order to calculate the linewidth of each
hyperfine line.? It was also reported that dissolved
oxygen in solvents plays a remarkable negative role in
diminishing the 'H-hyperfine lines.?» Some of the pres-
ent authors et al. have investigated the repulsion scheme
between the two ortho-protons of DPNO and the effect
of methyl substitution on the ortho-positions of
DPNO.4

In an electron-nuclear double-resonance (ENDOR)
study, on the other hand, DPNO and its methyl deriva-
tives have been investigated in detail from the point of
view of steric hindrance.?’ An extension of ENDOR to
a general triple resonance (GTR) for DPNO has been
attempted in order to assure a negative spin density on
the carbon atoms at the meta-positions of DPNO, dem-
onstrating the typical GTR behavior in the spectral
intensity change.®® In these double- and triple-
resonance investigations, no N signals or a responce
have been observed, in spite of the largest hyperfine
coupling constant (Ax=0.965 mT) in this system.

Some nitroxide radicals have been investigated exten-
sively with regard to “N-ENDOR detections.” The
first observation was accomplished by Leniart et al. for
some alicyclic nitroxide radicals.® We recently
reported on 1H- and “N-ENDOR studies of -
butylphenyl nitroxide (BPNO).? In these investiga-
tions, the characteristic features in N-ENDOR were
pointed out, such as cross relaxations in the !“N-
ENDOR and the influence of the “N-spin quantum
number on the tH-ENDOR patterns. In this report we

focus attention on ¥N-ENDOR observations of DPNO,
the temperature dependences of the 4N- and !'H-
ENDOR lines, and the tH-GTR characteristics of the
radio-frequency power variations; we discuss especially
how the H-ENDOR and GTR are influenced by the
14N-spin system. Success involving the “N-ENDOR
detection would again shed light on DPNO as an inter-
esting model sample in both double- and triple-
resonance spectroscopies, in which three interacting
spins (the electron spin and 'H- and 4N-nuclear spins)
play an important role in the energy relaxations.

Experimental

Samples were synthesized as described in a previous pa-
per.t For the ENDOR measurements, freshly prepared
DPNO gave satisfactory results. Therefore, we used the fol-
lowing procedure. The synthesized DPNO was diluted mag-
netically in a diamagnetic matrix of benzophenone; this solid
solution was kept in a refrigerator. Just before sampling
for the measurements, pure DPNO was separated by
chromatography.

A broad-band ENDOR spectrometer equipped with a
TMai10 mode cavity was used as described previously.? Two
signal generators, i.e. HP8601A (Hewlett-Packard) and VP-
8179B10 (National), were used for scanning the radio-
frequency with FM modulation (6.5 kHz) and pumping the
radio-frequency without FM modulation, respectively.® The
experimental conditions of the multiple resonances are as
follows: for the *N-ENDOR observed at 220 K, a microwave
power of 20 mW and a radio-frequency power of 100 W were
used; for the 'H-GTR measured at 180 K, a microwave power
of 20 mW and a scanning radio-frequency power of 80 W were
used. The pumping radio-frequency power was changed
between 0—100 W. Ethylbenzene or toluene was used as a
solvent and the temperature was controlled by a JEOL ES-
DVT2 between 160—230 K.

Results

In the ENDOR measurements, although two pairs of
1H signals centered at the free-proton frequency (14.196
MHz) were usually detected within the observed temper-
ature region, the optimum temperature was found to be
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180 K (see Fig. 2 in the literature®), a’ ‘L b
The inner pair at 13.044 and 15.348 MHz was

assigned to the meta-protons with a hyperfine coupling

constant, Aum=0.082 mT. The outer one at 11.512 and

16.881 MHz is attributable to the ortho- and para-

protons of Auc=An;~0.191 mT. Hereafter, the

ENDOR absorption lines are designated as a’, b’, b, and

a from the low-frequency side, respectively. The ‘/\/\/\/\/\/\/
temperature dependence of the signal intensities of each
line between 170—230 K is plotted in Fig. 1.
For the “N-ENDOR observation the experimental
conditions were carefully chosen with regard to both the
microwave and radio-frequency powers, temperature,
and sample concentration. The solvents were not var-
ied except for toluene and ethylbenzene. The tempera-
ture was found to be optimum at about 210 K, rather A/\/\/\/\//\/»

higher than in the detection of tH-ENDOR. The lower
sample concentration seemed to be better for accomplish-
ing easy saturation and low-noise detection of the 80 Hz
ESR. Figure 2 shows the 1H- and “N-ENDOR spectra
observed at 220 K in a toluene solution. The newly
appearing one pair of signals between the tH-ENDOR
lines (a’, b’, and b’, b) was assigned to the “*N-ENDOR
lines. Spectra (a), (b), and (c) in Fig. 2 indicate ENDOR
pattern variations due to the nitrogen nuclear quantum

11 13 15 17MHz

2 Fig. 2 1“N- and 'H-ENDOR spectra of DPNO
observed in toluene at 220 K. The arrows indicate
the ¥N-ENDOR lines. In these ENDOR observa-
tions ESR was monitored at the low-field ESR mi=1
(a), the central ESR m;=0 (b), and the high-field ESR
mi=—1 (¢).
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Fig. 1. Intensity variations of the *H-ENDOR lines
taken as a peak-to-peak height. O and @ indicate Fig. 3. Intensity variations of the “N-ENDOR lines
the outer paired lines (a and a’), and [J and M the taken as a peak-to-peak height. A and A indicate

inner ones (b and b’). the high- and low-frequency lines, respectively.
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numbers (m=1, 0, and —1) where the ESR was moni-
tored.1® The spectral intensity change of Fig. 2-(b) vs.
temperature was shown in Fig. 3.

In the GTR measurements each of the tH-ENDOR
lines was pumped using the second radio-frequency
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power; then, the other tTH-ENDOR lines were influenced
regarding their absorption intensity (see Fig. 2 in the
literature®)). The intensity variations measured at 180 K
are plotted against the pumping radio-frequency power
in Figs. 4 and 5. The GTR behaviors were the most
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Fig. 4. Enhancement and de-enhancement of the GTR spectra with the inner paired tH-ENDOR lines (b and

b’) pumped by the radio-frequency powers in the abscissa scale.
(See text concerning the ordinate scale.)

component.

1.5 a
= a’
o]
Z
w10 b
A
.05 5
O

0.5

a-pumping a
1
0 50 100

rf power/w

ESR monitoring was set on the mr=0

1.5
b
a
®)
1.0
0.5
a-pumping )
I
0 50 100

rf power/w

Fig. 5. Enhancement and de-enhancement of the GTR spectra with the outer paired tH-ENDOR lines (a and

a’) pumped by the radio-frequency powers in the abscissa scale.
(See text concerning the ordinate scale.)
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remarkable at the optimum temperature of the H-
ENDOR (180 K). The spectral enhancement or de-
enhancement of the GTR spectra was not emphasized at
the optimum temperature of the “N-ENDOR (210 K),
probably due to complicated energy relaxations in the
14N- and 'H-nuclear spin systems, as discussed later.
The data in Figs. 4 and S were obtained by monitoring
the ESR of the m=0 component. If we changed the
ESR observation to those of mi=1 or —1, the intensity
variations were slightly influenced, as is also discussed
later.

Discussion

UN-ENDOR Spectra. The newly appearing lines
among the TH-ENDOR lines can be assigned to the 14N-
ENDOR absorptions, because of a separation of the two
lines corresponding to 2vn, where vn is the nitrogen
nuclear-magnetic-resonance frequency. Therefore, the
average frequency of the paired lines is equal to the N
hyperfine coupling constant, Ax=0.9653 mT, which is in
good agreement with the value An=0.965 mT deter-
mined from the ESR at 188 K in toluene.

The 14N hyperfine coupling constant, Ax=0.9653 mT,
is among the smaller values found in ENDOR observa-
tions of nitroxide radicals. It is usually true that the
lower is the hyperfine coupling constant, the more diffi-
cult it is to be detected. Owur observation is presently a
lower-limit case of the nitroxide radicals. There have
been several “¥N-ENDOR observations reported for
other types of radicals with a smaller *N hyperfine
interaction.1%!? The difference may be associated with
energy relaxation due to an anisotropic hyperfine inter-
action Tr {A"2}, which is described below.

The higher optimum temperature of the *N-ENDOR
(Fig. 3) is attributable to the different anisotropic hyper-
fine interactions of the N and 'H nuclei. In general,
the calculated ENDOR signal can be expressed by tr
and Tr{A"}, based on certain assumptions, where 7r is
the rotational correlation time of the molecule and
Tr{A"2} is the trace of the squared anisotropic part of the
electron-nuclear dipolar interaction.! The aniso-
tropic N hyperfine interaction, Tr{A"}, for nitroxide
radicals, such as DPNO, is Tr{A2}=2200 M Hz2; where-
as that of the 'H, which is attached to the benzene
ring, is about 30 MHz2.113)  This difference explains the
higher optimum temperature of the *N-ENDOR.

The “N-ENDOR lines indicated by the arrows in Fig.
2 show the spectral intensity change depending on ESR
monitoring. This phenomenon was first pointed out by
Leniart et al.,» and could be explained in terms of cross
relaxation Wx1 and Wxe depicted in Fig. 6. For
instance, when one is sitting on the higher or lower field
component of the ESR (m=—1 or +1) in the ENDOR
observations, the energy relaxation is governed by the
Wx1, Wxe, wn1, and wne transitions associated with the
central components of the energy levels. Accordingly,
the high- and low-frequency ENDOR absorptions
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Fig. 6. Energy diagram of the unpaired electron
(ms=1/2, —1/2) and the “N nucleus (m:=1, 0, —1).
The cross relaxations Wxi and Wxe relate the transi-
tions A(ms+mi)=0 and A(ms+mi)=22, respectively.
The high- and low-frequency ENDOR absorptions
correspond to wn1 and waz, respectively. This dia-
gram is depicted for the case of a positive hyperfine
interaction 4Ax>0.
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Fig. 7. Intensity ratio and its variations of each paired
line for the ESR monitoring on mi=1, 0, and —1.
The schematic paired lines are depicted on the basis
of the normalized intensity ratios (values in the paren-
theses). The meta-protons behave like the N,
whereas the ortho- and para-protons behave in an
opposite way, leading to Aum>0 and An=A4n,<0.

(wn1 and wne, respectively) show different spectral inten-
sities due to the different Wx; and Wx; values. On the
other hand, the central energy levels, which belong to
mr=0 component, can dissipate their energy to both
sides. As a result, the high- and low-frequency
ENDOR lines are averaged in intensity. The N-
ENDOR intensity changes with the mu values are tabu-
lated in Fig. 7. The values indicate the intensity ratio
between the low- and high-frequency components; those
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in the parentheses were normalized ones by the intensity
ratio of m;=0. The intensity patterns shown schemat-
ically in Fig. 7 indicate a positive hyperfine coupling
constant of the N nucleus, as is supposed in Fig. 6.
Interestingly, these “N-cross relaxations also influence
the 'H-energy relaxation, as is summarized in Fig. 7.
This is discussed next.

IH-ENDOR Spectra. The 'H-ENDOR lines are
rather broad at 220 K, but the intensity changes with the
mi values are clear (Fig. 7). This effect was first
pointed out by Janzen et al.l¥) and independently by
us,!® and is referred to CRISP (cross relaxation inten-
sity sequence pattern). The spectral intensity changes
are opposite for the ortho- or para-protons and the
meta-protons. This means the opposite signs of the
hyperfine coupling constants (that is, An~Ax<0 and
Aum>0) because the energy levels in Fig. 6 are reversed,
depending on the signs of the hyperfine coupling con-
stants. We can therefore conclude a negative spin den-
sity at the meta-positions of the phenyl rings, which
agrees with the conclusion derived from the GTR
results. The strong and weak intensity sequence pat-
terns become important regarding the GTR behaviors
on the spectral enhancement or de-enhancement.

The influence of the 14N-energy relaxation on the 1H-
nuclear system was also ascertained by the temperature
dependences of the lTH-ENDOR lines. Figure 1 shows
the intensities of the 'H lines of the ENDOR spectra
(m=0) at various temperatures. There are two charac-
teristic features. Omne is the fact that there are two
maximum regions; the other is the good coincidence of
the intensity of each paired line at the lowest tempera-
ture region. Comparing these results with those of the
4N-ENDOR lines (Fig. 3), one can easily conclude that
the first maximum region around 210 K is somewhat
related to the optimum temperature of the N-ENDOR
lines. This means that the effective energy relaxation
in the 4N-spin system at this temperature might cause a
sufficient energy relaxation in the 1H-spin system. Asa
matter of fact, the optimum conditions inherent in the
1H-spin system are fulfilled at the lower temperatures,
exhibiting a second maximum at 180 K. This finding
implies the existence of a coupling between the 14N and
1H nuclei through the electron spin or through a direct
interaction.'’® The meaningful effect of the nuclear-
nuclear coupling was first pointed out concerning this
ENDOR intensity. In addition to the CRISP effect,
this is another interesting point regarding a three-spin
system comprising one electron and two nuclear spins
(*H and 4N). In the case of a three-spin system with
similar nuclei (for instance, two non-equivalent pro-
tons), the energy relaxations becomes optimum at almost
the same temperature regions, resulting in one maxi-
mum. The essential point in our spin system is two
different nuclei (1*N and !'H) which have optimum
energy relaxation at different temperatures.

The second feature of Fig. 1 can also be explained by
the above-mentioned interaction. At lower tempera-
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tures the 1“N-energy relaxation becomes ineffective and
the original characteristics of the pure 1H-spin system
appear. Therefore, approaching the !H-optimum
temperature region, the intensity of each paired line
becomes the same as that shown in Fig. 1. As for this
new finding, one comment is noteworthy concerning the
previous experiment of BPNO.” The temperature
dependence of the ENDOR intensities of the 'H and 4N
absorptions were not analyzed in this way. The correct
interpretation should be as follows. The first optimum
region of the 'H lines appeared at —60°C, roughly
corresponding to the maximum of the N intensity. In
BPNO, however, no second maximum, which is origi-
nally characteristic of the 'H nuclei, was found over the
observed temperature range (above —90 °C).

Triple Resonance Spectra. Figures 4 and 5 show the
intensity variations of the GTR spectra by the pumping
radio—frequency power. The spectral enhancement
was defined by (GTR)/I(ENDOR), where /(GTR) and
I(ENDOR) are the spectral intensity taken as absorp-
tion height with and without the pumping radio-
frequency power, respectively. According to the
results given in Figs. 4 and 5, one can conclude the
opposite signs for the hyperfine coupling constants of
the meta- and the ortho- or para-protons, since the inner
paired lines (b” and b) as well as the outer ones (a’ and a)
change oppositely in intensity.’” For instance, in Fig.
4, upon pumping one of the inner pair (b’), an enhance-
ment took place on the high-frequency partner (b); on
the outer paired lines, however, the high-frequency line
a decreased and the low-frequency one a’ was enhanced,
though its enhancement was quite small. This situa-
tion is fully inversed to the case of pumping one of the
inner lines, b. These observations are also the same for
the cases of a and a’ pumping (Fig. 5).

We next consider the enhancement or de-
enhancement values. The radio-frequency pumping
effect is always clear for the de-enhancement case, whereas
the behavior in the enhancement situation is sometimes
smeared out and the intensity enhancement is cancelled
in the high radio-frequency power region, which may be
referred to as enhancement “saturation”. Since this
tendency seems to be remarkable concerning the outer
pair, one of the reasons for this enhancement saturation
may be the large hyperfine coupling constant of the
ortho- or para-protons, as compared with that of the
meta-protons. This effect can be called a radio-
frequency enhancement effect at the nucleus through a
hyperfine interaction. An intensity enhancement satu-
ration is therefore likely to occur at a relatively small
radio-frequency power for nuclei with large hyperfine
coupling constants.

How the GTR behavior depends on the *N-quantum
number (m) is discussed next. The ENDOR spectral
changes by the *N-quantum number is described above.
The spectra were influenced like the patterns summa-
rized in Fig. 7, that is, the intensity height of each line is
either increased or decreased, depending on the 4N-



December, 1991]

15,

I(GTR)/I(ENDOR)
o

L

o
(3]

b-pumping

0 50
rf power/w

100

ENDOR and TRIPLE Studies of Diphenyl Nitroxide

3625
1.5
b
1.0
05
b'-pumping
|
0 50 100
rf power/w

Fig. 8. Enhancement and de-enhancement of the GTR spectra with the inner paired 'H-ENDOR lines (b and

b’) pumped by the radio-frequency powers in the abscissa scale.
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Fig. 9. Enhancement and de-enhancement of the
GTR spectra with the outer paired H-ENDOR lines
(a and a’) pumped by the radio-frequency powers in
the abscissa scale. ESR monitoring was set on the
mr=—1 component. Compare with Fig. 5.

quantum number (m;) of the monitoring ESR and on
the signs of the 1H-hyperfine coupling constant (An).
Regarding the GTR behavior, these cross relaxation
effects should be combined, causing either more-
enhanced or less-enhanced variations. This evidence is
shown in Figs. 8 and 9. The experimental conditions
for Fig. 8 were the same as those for Fig. 4, except for

ESR monitoring was set on the m=1

monitoring ESR. In the case of Fig. 8 the low-field
ESR component (my=1) was monitored; line b’ thus
decreased, and line b increased due to the cross-
relaxation effect (Fig. 7). Thus, the enhancement of
the b’ line or the de-enhancement of the b line is
intensified by b pumping. This is the case of Fig. 8-a,
which should be compared with Fig. 4-a. On the other
hand, the opposite triple pumping (b’ pumping) may
give a dull behavior, like that shown in Fig. 8-b (com-
pare with Fig. 4-b). Completely the same behaviors
were also observed for high-field ESR monitoring
(mi=—1). Asis hown in Fig. 9-a, enhancement of the
a’ line and the de-enhancement of the a line are intensi-
fied in the case of the a line pumping, because the line a’
is already decreased and the line a increased by the cross
relaxation (compare with Fig. 5-a). Fig9-b should also
be compared with Fig. 5-b. These findings belong to
another type of three-spin effect in triple resonance
spectroscopy.

In conclusion, by observing the 1N- and 'H-ENDOR
spectra of DPNO, several interesting types of behavior
were disclosed in ENDOR and GTR spectroscopies.
The “N-hyperfine coupling constant detected by this
ENDOR experiment is one of the smallest limits for the
nitroxide radicals. The paired “N-ENDOR lines are
distorted in intensity by cross relaxation in the N
nucleus and the unpaired electron. This effect is also
present regarding the 'H-ENDOR intensities. The
double optimum temperatures for the tH-ENDOR lines
were demonstrated, the higher one being due to the
optimum energy relaxation of the N nuclei and the
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lower one due to that of the !H-spin system. These
phenomena interelating two nuclei are interesting sub-
jects concerning three-spin systems. In GTR experi-
ments the intensity changes due to the radio-frequency-
pumping power were analyzed in terms of the opposite
signs of the hyperfine coupling constants, the enhance-
ment saturation effect, and the effect of the cross relaxa-
tion. The latter two observations are pointed out here
as a new interesting point concerning a three-spin
system.
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