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The proton ENDOR spectra of various phenyl substituted hydrocarbon radicals in solution
show a marked temperature dependence of the positions, widths, and amplitudes of particular lines.
These effects are analyzed in terms of three relaxation mechanisms: (i) internal hindered rotation
and (ii) torsional oscillations of the phenyl rings, and (iii) molecular tumbling. From the tempera-
ture dependence of relaxation effects caused by mechanism (i) hindrance potentials for internal
rotation of phenyl rings could be determined. The results are in good agreement with the pre-
dictions of simple #-MO theory. Relaxation effects caused by (ii) turned out to be negligible.
Mechanism (iii) produces strong variations in linewidths at low temperatures due to the different
hyperfine anisotropies depending on nuclear position.

1. Introduction

In recent years the development of sophisticated
multiple resonance methods like ENDOR (electron
nuclear double resonance)!, ELDOR (electron elec-
tron double resonance) 2, and TRIPLE (electron
nuclear triple resonance) ® has made it possible to
investigate the static and dynamic behaviour of
large paramagnetic systems in solution. In this pa-
per we will be concerned with relaxation effects
caused by phenyl substituents as they show up in
ENDOR spectra. Phenyl substituents of radicals in
solution can be involved in the following relaxation
mechanisms: (i) hindered rotation, (ii) torsional
oscillations, and (iii) molecular tumbling. As repre-
sentatives for the phenyl substituted molecules, the
anion radicals of para-terphenyl (PTP), meta-ter-
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Fig. 1. Structural formulae with proton numbering of para-
terphenyl (PTP), meta-terphenyl (MTP), ortho-terphenyl
(OTP), and methyl-ortho-terphenyl (MOTP).
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phenyl (MTP), ortho-terphenyl (OTP), and methyl-
ortho-terphenyl (MOTP) have been studied, the
structural formulae of which are given in Figure 1.
These molecules have been chosen because they are
the simplest representatives of the class of phenyl
substituted hydrocarbons which, in principle, can
show all the relaxation effects mentioned above.
Their static interactions have already been studied

by ESR* and by ENDOR in this laboratory 5.

2. Experimental

The ENDOR spectrometer used has been de-
scribed previously 6. For high resolution work Zee-
man modulation was omitted. Temperature variation
was achieved with an AEG temperature control unit,
temperature data are accurate within =1 K. The
radicals were prepared by sodium metal reduction
of the hydrocarbons in dimethoxyethane (DME)
and 2-methyltetrahydrofurane (MTHF) under high
vacuum conditions 7. Radical concentrations were
typically 1074 moles/l to minimize exchange effects.

3. Theory

(i) Hindered Rotation

The theory adequate for describing the behaviour
of ENDOR spectra affected by hindered rotation of
phenyl rings has been summarized in a proceeding
paper 8. Therefore here only the final formulae are
presented which were used for analyzing the spectro-
scopic data.

The jumping process of the two phenyl rings
between different configurations for the unsymmetri-
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cally substituted molecules MTP, OTP, and MOTP
is strictly an example of a four jump model because
the two different coupling constants of the ortho or
meta protons on one ring might also depend on the
particular equilibrium position of the other ring.
This interaction between the two phenyl rings can,
however, be neglected since, experimentally, there
are only two resolved ENDOR lines for each ortho
and meta group of four protons in the slow-jump
limit. There is also no additional broadening on ac-
count of an unresolved splitting of these lines. In
this case, we can therefore safely separate the whole
process into two effectively independent two jump
processes with two different splitting constants ag
and ajg .

Denoting the jumping rate by k, the additional
line broadening is given by

1T, (ENDOR) =k (slow jump, dw/k>1) (1)

and

1/T,’ (ENDOR) =% (dwy)2 k1 (2)
(fast jump, dwy/k < 1)

where ar—an

Adog=27

L

the hfs constants a being measured in Hz. In the
slow-jump region, k£ can be determined from the
separation Adw of the two ENDOR lines:

Aw? = Aws® -8 k2. (3)

The complete range between the slow and fast jump
limits can be handled by modified Bloch equations®.
These can be used to simulate experimental spectra
as a function of Adwg, k& and the unperturbed line-
width 1/T.°. This procedure was used throughout
this work.

(ii) Torsional Oscillations

Torsional oscillations of the phenyl rings can
obviously modulate the anisotropic as well as the
isotropic hfs interactions in the molecule. In prin-
ciple, one therefore expects additional electron and
nuclear relaxation. The problem is to obtain an
estimate of the magnitude of the corresponding re-
laxation rates.

According to a semiclassical theory given by
Freed and Fraenkel 10 of the effects of internal mo-
tions on ESR linewidths, a rotating substituent
group (rotor) can be characterized by its moment
of inertia ] and a friction constant 51. The Brownian
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motion of the rotor is then described by the Lange-
vin equation for the angle of rotation ©

2O/R+O=A(t) +1(O), (4)

where A (t) is a random rotational acceleration de-
scribing the torques resulting from solvent collisions
and f(©)-I is a nonrandom torque acting on the
rotor. For a rotor subject to a harmonic restoring
torque, f(0) = —wy? (O — O,), where wy/2 7 is the
frequency of the oscillations and O, is the equilib-
rium position. Since in our experiment the rota-
tional barrier of phenyl rings is larger than kT by
more than a factor of 10, a phenyl ring will, on the
average, behave as such a harmonic oscillator (i.e.
the average displacement (@ —60.)%"* is small
compared with 27/n, where n is the number of
potential minima along a full rotation).

The modulation of the isotropic and/or aniso-
tropic hfs interaction due to the phenyl ring oscil-
lations can be described to first order by

F=C(6-06, (5)

with C being constant. (The quantity F" stands for
any tensor component of the spatial part of the hfs
interaction energy for a particular proton in a mole-
cule fixed axis system). As will be shown below, in
our experiments the damping of phenyl rings is suf-
ficiently large to justify the neglect of quadratic
terms in @ — @, in Equation (5) ''. The constant
C can be of quite different magnitude for the dif-
ferent types of hfs interactions. In the case of the
isotropic hfs interaction, C is determined solely by
the variation Apy/46 of the spin density on the
1s-H-orbital per degree of twist angle, whereas, in
the case of the anisotropic hfs interaction, both the
angular variation 49c/40 of the carbon spin den-
sities and the change in the directions of the tensor
axes have to be considered. Defining the spectral
density function, as usual, by

(@) =3 [FOFatned  (6)

one obtains directly from Eqs. (4) and (5) 2
Jose (0) =C* (0 — ;)% f wg? [ (0 — 1y?)? (7)
+pw?] L.

The time average of (O —0,)? is given by the
relation 19

(O—0,)2=ET/(I wy?) . (8)
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The spectral density function in Eq. (7) has the
same frequency dependence as the square of the
amplitude of a harmonic oscillator with resonant
frequency w, which is driven by a periodic force
Fycoswt. This implies that for small dampings
B < w, large spectral densities will be mainly found
close to w,. For larger dampings f >, the maxi-
mum of j(w) is shifted towards @ =0 and, finally,
for > wy, josc(w) approaches the functional form
Tose (1 + Tose @2) 71 with 7o =pBlwg?.

While from our experiments (vide infra) w, is
known to be in the order of 10'% s™1, the constant §
has to be estimated theoretically. This is done on
the basis of a crude model. If the shape of the rotor
approximates that of a sphere, § is given macro-
scopically by 1® =8 a1 a®/I where a is the radius
of the sphere and 7 is the viscosity of the solvent.
Taking the effective radius of a phenyl ring to be
2 A and calculating I from well known bond lengths
and atomic masses (/=1.5x10738 gcm?) one ob-
tains f# =~ 5x 101 s~ ! for DME at 190 K (s =3 cP).
We therefore have the case of extremely large damp-
ing, where j,s.(w) can be represented by

Jose(w) = CH(O —60,) 2 70 (1 +'tgsc w?) 1
with 7o, = fw,2. 9)

For DME at 190 K one therefore obtains 7.
~ 5x10712s. This value is considerably shorter
than the rotational correlation time 7 ~ 1079..
107195 of molecules like para-terphenyl at the same
temperature (see Section 4). Since the spectral den-
sity at @ = wyyr < 7! due to rotational motion
is given by 13

jrot (wxyr) = Trace (42) /5 (10)

where 4 is the anisotropic hfs tensor of the observed
proton, additional nuclear spin lattice relaxation
(W,) from torsional oscillations will, therefore, not
be safely detectable unless C2 (6 — 0.)2 exceeds
Tr(A?) by at least a factor of 10. From Eq. (8) we
have (@ —0,)2 ~ 2 x 1072 rad? at T =190 K. Tak-
ing 2 MHz? as the minimum value of Tr(42) found
in the terphenyl radicals, the constant C in Eq. (5)
would therefore have to be in the order of 30 MHz.
This can certainly not be achieved in the terphenyls
where all isotropic and anisotropic hfs couplings
themselves are considerably smaller than 30 MHz.
Cross relaxation effects caused by torsional oscilla-
tions are also not expected to be observable in the
ENDOR spectra because they cannot compete with

the very much larger nuclear relaxation rate W,
caused by molecular tumbling. The same argument
holds for secular T,-effects of the oscillatory
motion. As will be shown in the following section,
the ENDOR linewidth is at least in the order of the
nuclear relaxation rate caused by molecular tum-
bling. We therefore conclude that relaxation effects
caused by torsional oscillations can be neglected
compared with those by molecular tumbling.

(iii) Molecular Tumbling

Molecular tumbling in solution caused by colli-
sions with the solvent molecules can produce various
kinds of nuclear and electron relaxation processes 4.
The most important relaxation mechanism in ENDOR
studies on hydrocarbon radicals in solution is the
modulation of the electron-nuclear dipolar (END)
interaction giving rise to pure electron relaxation
(rate W), pure nuclear relaxation (W},), and cross
relaxation (W,). The dependence of the ENDOR
signal amplitudes on these various relaxation rates
are treated in a series of papers by Freed 5. Here
we will be mainly concerned with the question of
how (unsaturated) ENDOR linewidths depend on
the END mechanism and on temperature. Particu-
larly at low temperatures (e. g. T =~ 200 K in DME),
pronounced variations in the unsaturated linewidth
turned out to be the main cause for the observed
differences in ENDOR amplitudes of different pro-
tons.

In the single line approximation 6, the transverse
relaxation rate Tz, of a nuclear transition a<—>b
is given by

Tot =Tonl + (6,71 4+ 8,71 /2. (11)
In this equation Tonl describes the broadening due
to modulation of the secular terms of the spin Ha-
miltonian and ¢, and #, are the lifetimes of the
states a and b. These lifetimes are determined by
the sums of the relaxation rates connecting a and b
to the various other states of the system 16:
=2 Wi,
iti
Taking the simplest system of one electron and one
proton and neglecting cross relaxation rates we
have t,=t, = (W.+W,) 1. Since for NMR in so-
lution (fast tumbling limit) 7 oy =~ 2 Tj, =W, !
we can write

(12)

i=a,b.

T§é=We+2 Wn- (13)

In the temperature region where ENDOR in solu-
tion is normally performed, w,7g > 1 and w,tg
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<1, where 1y is the rotational correlation time.
Since the spectral density 1is proportional to
7R/ (1 + w?13?), this implies W, 7g~! and W, 1
thus giving

Ton=Aw™1+Bg (14)

with constants A4 and B solely determined by the
magnitude of the various intramolecular magnetic
interactions. Considering the strong temperature
dependence of 7g, Ts: will either decrease or in-
crease with varying temperature depending criti-
cally on the relative magnitude of W, and W, . The
minimum linewidth is encountered at a temperature
corresponding to the correlation time 7y = (4/B) !>
Since W, is mainly determined by g-factor aniso-
tropy and spin-rotational interaction !?, the constant
A is practically independent of the nuclear position
in the molecule. The constant B, on the other hand,
can be very different for different nuclei depending
on the magnitude of the hfs anisotropy. From 13
W,=%j.t(0) and Eqs. (13) and (14) one obtains

B=3%Tr(42). (15)
It is thus predicted, that—provided W, and W.

become comparable anywhere in the studied tem-
perature range — there will be an increasing depen-
dence of the linewidth on the nuclear position to-
wards lower temperatures. This dependence shows
up in such a way that lines belonging to nuclei with
the larger values of Tr(42) will broaden sooner.

4. Results and Discussion

The ESR spectra of OTP and MTP change
strongly with temperature. For OTP this is demon-
strated in Figure 2. No such temperature dependence
has been observed for PTP. While an analysis of
these spectra is almost hopeless, from the ENDOR
spectra (Fig. 3) one immediately sees that only par-
ticular coupling constants change significantly with
temperature. A closer look at the spectrum in Fig. 3
reveals two pairs of coupling constants showing a
temperature behaviour typical for nuclear spins
jumping between inequivalent magnetic sites 8.

By simulation of the experimental ENDOR
spectra on the basis of modified Bloch equations we
obtained the rate constant k£ as a function of tem-
perature. The unperturbed linewidths required for
this procedure at the various temperatures were
taken from a line not involved in the jump process.
Since in ENDOR experiments all lines show a con-
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Fig. 2. ESR spectrum of OTP at different temperatures.
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Fig. 3. ENDOR spectrum of OTP at different temperatures.

siderable saturation broadening, all linewidths were
extrapolated to zero NMR power.

Figure 4 shows the Arrhenius plots of £=k(T)
for OTP, MTP, and MOTP. The linearity of the
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Fig. 4. Arrhenius diagrams of the phenyl jumping rate con-

stants k=k(T) for OTP, MTP, and MOTP. The crosses and

circles were derived from measurements of ENDOR linewidths

[Egs. (1) and (2)] and line separations [Eq. (3)], respec-
tively.

plots shows that we are dealing with a thermally
activated process describable by k=Fky-exp { —E,/
kT}. For MOTP it was possible to evaluate the
temperature dependence for both the ortho- and
meta-protons (lines a and b in Figure 4). The re-
sults are equal within the experimental error. The
activation energies E, and preexponential factors k&,
are collected in Table 1.

Table 1. Activation energies and preexponential factors for
hindered rotation of phenyl rings (1 eV=23.04 kcal mole™).

E, [eV] ko [s71]

OTP 0.286+ 3% 6X10(12+.5)
MTP 0.187+4% 1X10(12%.5)
MOTP 0.394 3% 1X10(14%.5)

We attribute the observed jump process to hin-
dered rotation of the phenyl rings for the following
reasons:

The isotropic hfs couplings reflecting the jump
process occur in two pairs in each molecule. In the
high temperature limit each pair collapses into one
line belonging to 4 equivalent protons as has been
proven by simulating the ESR spectrum with the
ENDOR data. Those protons can only be assigned
to the phenyl rings since there is no accidental de-
generacy of hfs couplings.

This conclusion is consistent with the result that
in MOTP both pairs of ENDOR lines yield the same
E,and k.

Using the simple mechanical model proposed by
Das!®, we interpret the measured E, values as the
molecular potential barrier ¥y, for hindered rotation

of the phenyl rings. In this same model %, cor-
responds to twice the frequency of the correspond-
ing harmonic oscillator. The application of this
model is somewhat problematic because any contri-
butions to E, from changes in the solvation shell
during a phenyl jump are excluded. These contribu-
tions are possibly of considerable magnitude be-
cause for the pure solvent DME the activation
energy taken from the viscosity temperature depen-
dence is as high as 0.08 eV 2°. This activation energy
is rather similar for other suitable solvents so that
these contributions to E, cannot be detected ex-
perimentally just by changing the solvents. On the
other hand, our interpreteation of E, as an intra-
molecular quantity is consistent with MO calcula-
tions, as will be shown subsequently. We therefore
assume

E.=Vy (16)

where V}, is defined as the difference between the
maximum total energy of the molecule and the
total energy for the equilibrium positions of the
phenyl rings.

MO calculations of potential barriers have been
performed in the frame of the simple HMO model,
where

Vh =En(900) —Ez(@e) .

The effective resonance integral f= —0.78 eV was
taken from the literature?. We have refrained
from using more advanced MO methods like CNDO
or INDO since these methods generally do not give
improved results in this respect 22.

Figure 5 shows the dependence of ¥} on O, for
OTP and MTP. For OTP we assumed a correlated
jump of the two phenyl rings because of extreme
steric hindrance. This is obvious from molecular

(17)
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Fig. 5. Calculated molecular potential barrier for hindered
phenyl rotation in OTP (curve a) and MTP (curves b and
c) as a function of equilibrium angle. Curve b is for a fully
correlated jump, curve ¢ for a noncorrelated jump of the
two phenyl rings in MTP (see text). The experimental
values of V' for OTP and MTP are marked on the Vy axis.
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models which show that the two phenyl rings are
interlocked. For MTP, on the other hand, the fol-
lowing possibilities have been considered:

(i) afully correlated jump,
(ii) anoncorrelated jump.

They differ considerably in their dependence of Vy
on ©,. The comparison with the experimentally
observed Vy values gives @,=65° for OTP. For
MTP one obtains ©,=70° for case (i) and O,
=40° for case (ii). The value of O, for OTP ap-
pears reasonable on account of space filling mole-
cular models and hfs calculations* 5. From the
same arguments for MTP case (i) is rejected and
we are left with an uncorrelated jumping of the
phenyl rings.

The MOTP shows a surprisingly high E, in view
of the fact that the methyl groups are not expected
to change the equilibrium angle compared with
OTP since the phenyl rings are already highly
twisted. Furthermose, if there were an increase in
the twist angle, this should result in an even smaller
potential barrier. Since the terphenyl anions have
non-degenerate ground states and methyl groups are
known to be weak substituents in this case, one also
does not expect a significant change in 7}, (©) as
compared with OTP. This is supported by MO cal-
culations using both the hetero atom and hyper-
conjugative model 2> for the methyl substituent.
Given the limitations of simple #-MO frame-work
we can reproduce the larger value of V} for MOTP
by introducing a weak bonding f/f,=0.4 for O,
=60° between the methyl group and the nearest
C atoms of the phenyl rings. It is important to
point out, that the introduction of this additional
bonding does not alter the spin density distribution
significantly, which is still in good agreement with
the ENDOR results.

As can be seen from Fig. 3 the ENDOR lines of
the phenyl ortho and meta protons show a remark-
able increase in amplitude towards lower tempera-
tures in comparison with the remaining protons.
We have observed the same also for other phenyl
substituted radicals 2. This effect becomes particu-
larly pronounced in the temperature region where
relaxation from hindered rotation is no longer ob-
servable. Furthermore, this effect is also observed
for para terphenyl where for symmetry reasons
relaxation through hindered rotation is absent.

As was shown in Sect. 3 (ii), for the terphenyl
anions torsional oscillations do not contribute sig-
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nificantly to this effect. We are therefore left with
the possibility that the various protons involved
might have significantly different hfs anisotropies.
This can lead to contributions both to W, and T3y -
The ENDOR signal amplitude £ for differential fm
modulation and phase sensitive detection is given
by
dn2 T%H

(1 +4 dn2 T?n Tln eff) .

where d, =3y, B, and the induced transition rate
d,? T, is proportional to the NMR power. If mea-
surements are performed in the low NMR satura-
tion limit, where 4 d,2 Top Ty et < 1, E is indepen-
dent of Ty ¢ft and proportional to the inverse square
of the linewidth T3 provided the NMR field is
kept constant over the spectrum range. For satura-
tion parameters 4 d,2 Top T1pest = 1 the dependence
of E on Ty, is less pronounced but E will still in-
crease with decreasing linewidth T3i. We therefore
conclude that the different temperature dependences
of the various ENDOR line amplitudes result from
different temperature dependences of Tz5. A con-
stant NMR field has been experimentally assured.

In order to test this conclusion, calculations of
electron nuclear dipolar tensors according to the
method of McConnell-Strathdee 2> and Derbyshire 26
were performed. As results of these calculations the
values for the squares of the anisotropies Tr(4?)
for PTP are given in Table 2.

The next step is to calculate the temperature
dependence of Tzi. For this purpose one has to

E

(18)

& kHzl T3 (s /u
100} 5405
b
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2.10°
c
207 4403
101 51t d
v
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260 230 220 210 200 10 180 170 T oK)

Fig. 6. Theoretical ENDOR linewidth as a function of the

rotational correlation time and temperature (for PTP in

DME) for different hfs anisotropies Tr(42) =100 MHz> (a),

30 MHz? (b), 10 MHz2 (c), 3 MHz> (d). A Lorentzian line
shape has been assumed.
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Table 2. Calculated anisotropies for the protons of PTP(—). AVIkHz] T.‘;;!1055'1]
position Tr(42) [MHz2] Be
8 (ortho phenyl) 19 80 para
9 (metha phenyl) 2.3 70 &
10 (para phenyl) 57
1,2 (central ring) 15
3
; i : . tho and
determine the quantities 4 and B in Equation (14). :;n:; ring
A, being independent of nuclear spin quantum num- 40 "
bers, was determined from the ENDOR linewidth at 30
a high temperature (240 K) where Tai =A/tR. meta
The correlation time 7r at this temperature was 3
estimated from the well-known relation g =
47anr3/3kT which gives 7g=8-10"11s using "] —_
7=4A and %(240K) =1cP (DME?2°). From the 240 220 200 180 -—

measured linewidth Av,= (7 V3 Toy) "1 =50 kHz
we obtain 4 ~ 2-1075. Using Eq. (15) we finally
have

Tat ~ 2:107 %/t +Tr (42) - 1018 15
when Tr(42%) is measured in MHz2.

Equation (19) has to be looked at as a rather
crude approximation to the true ENDOR linewidths
in the terphenyl radical anion, since in contrast to
the theoretical assumptions, (i) there is more than
one proton contributing to any phenyl proton
ENDOR line, and (ii) chemical exchange might also
contribute to the experimental linewidths. The latter
effect, however, is not expected to depend on nuclear
positions whereas the former can only change the
numbers in Eq. (19) by factors in the order of 1
which is unimportant in view of the large uncer-
tainty in the calculation of 7z . The dependence of
T3: on 7y for different anisotropies is plotted in
Figure 6. This plot demonstrates that for aniso-
tropies in the order of 10 MHz? both contributions
to TS, in Eq. (14) are of comparable magnitude in
a low temperature region still accessible for ENDOR
in solution work.

Inserting the actual anisotropies for the PTP
protons given in Table 2, the temperature depen-
dences of the various linewidths were calculated (see
Figure 7). Also shown in Fig. 7 are the experimen-
tal ENDOR linewidths.

The experimental linewidth of the para protons
increases by a factor of two when the temperature
desreases from about 220 to 180 K. This is accom-
panied by an apparent decrease of the amplitude by
a factor of four when keeping the fm deviation con-
stant. For the para protons these observations are in

(19)

Fig. 7. Theoretical (solid lines) and experimental (dotted
lines) ENDOR linewidths for different protons in PTP as a
function of temperature. Solvent: DME.

sufficiently good agreement with the theory to sup-
port our assumption that modulation of the END
interaction by molecular tumbling is the main cause
of linewidth and amplitude variations in the ENDOR
spectra. The ortho-, meta- and central ring proton
lines, on the other hand, show a less satisfactory
agreement with the theory. The reason for this is
found in a residual linewidth of about 40 kHz which
is larger than the calculated END contribution at
temperatures below 200 K. This residual linewidth
cannot be attributed to fm modulation broadening
or second order splittings. From the work of Freed
et al.?8 it is known that the microwave field H,
produces a coherence splitting of the ENDOR lines
which for yo Hy > 1/Ts., 1/Tx, 1/Ts, is given by
(ye/27)H, . In the intermediate region the splitting
or apparent line broadening due to this effect can
be calculated only when all the relaxation times of
the system are known. Since ENDOR experiments
always require at least partly saturating microwave
fields for sensitivity reasons, it was not possible to
reduce (y./27)H,; below approximately (507 20)
kHz. The corresponding microwave power was then
already 16 db below the optimum value for the
maximum ENDOR signal. An extrapolation to the
unperturbed NMR linewidth was not possible be-
cause the linebroadening is an unknown function of
H,. However, under the prevailing conditions of
extremely high resolution (ESR linewidth = 18
* 2 mG, pumping a single resolved ESR line with-



176

out Zeeman modulation), we were still able to ob-
serve a coherence splitting of the meta, ortho, and
ring proton ENDOR lines for (y./27)H;~ 50
kHz at T =~ 200 K. By fitting the observed lineshape
with two superimposed Lorentzian lines we were
able to obtain an upper limit of (15%5) kHz for
the unperturbed ENDOR linewidth. This value is
consistent with the linewidth calculated for pure
END interaction at the same temperature. No co-
herence splitting of this kind was obtained for the

para protons because of the larger unperturbed
ENDOR linewidth.

5. Conclusion

In conclusion we can state that mechanism (iii),
i. e. molecular tumbling, gives an adequate expla-
nation for the observed different temperature depen-
dences of ENDOR lines in the low temperature
region where hindered rotation no longer contrib-
utes to ENDOR relaxation. This implies that mecha-
nism (ii), i.e. torsional oscillations of phenyl
groups, does not play a dominant role as was ex-
pected from theoretical reasoning. We can further-
more deduce the following general behaviour of
phenyl proton ENDOR lines:
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