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The explosive pentaerythritol tetranitrate (PETN) C(CH,-0-NO,), has been studied by 'H NMR and '*N
NQR. The *N NQR frequency and spin-lattice relaxation time T;q for the v, line have been measured
at temperatures from 255 to 325 K. The 'H NMR spin-lattice relaxation time T; has been measured at fre-
quencies from 1.8 kHz to 40 MHz and at temperatures from 250 to 390 K. The observed variations are
interpreted as due to hindered rotation of the NO, group about the bond to the oxygen atom of the
CH,-0 group, which produces a transient change in the dipolar coupling of the CH, protons, generating
a step in the 'H T, at frequencies between 2 and 100 kHz. The same mechanism could also explain the
two minima observed in the temperature variation of the N NQR T;q near 284 and 316 K, due in this
case to the transient change in the '¥N...'H dipolar interaction, the first attributed to hindered rotation
of the NO, group and the second to an increase in torsional amplitude of the NO, group due to molecular
distortion of the flexible CH,—O-NO, chain which produces a 15% increase in the oscillational amplitude
of the CH, group. The correlation times governing the 'H T; values are approximately 25 times longer
than those governing the N NQR T1q, explained by the slow spin-lattice cross-coupling between the
two spin systems. At higher frequencies, the 'H T; dispersion results show well-resolved dips between
200 and 904 kHz assigned to level crossing with *N and weaker features between 3 and 5 MHz tenta-

tively assigned to level crossing with '70.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Magnetic field-cycling methods can be used to measure T; dis-
persion (the variation of the NMR spin-lattice relaxation time T,
with magnetic field [1-3]). Magnetic fields can be switched on
and off in times of a millisecond [1,4] enabling T; values as short
as a few ms to be measured in very low magnetic fields [1,4]. In
addition, quadrupole interactions can be studied by the phenome-
non of quadrupole dips [5]. This paper presents such a study of the
explosive pentaerythritol tetranitrate (PETN) C(CH,-O-NO;),4, in
which quadrupole dips from '“N and possibly 70 (in natural abun-
dance) have been detected. The temperature dependence of the
zero-field N NQR frequencies and Ty relaxation times has also
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been measured to compare with these results. The molecular
structure of PETN is shown in Fig. 1.

2. Experimental methods

The T; dispersion measurements were conducted between 'H
NMR frequencies of 1.8 kHz to 15MHz on a fast field-cycling
NMR spectrometer with a maximum magnetic field of 1T and a
field stability of 1 part in 10°, which could be switched in 0.7 ms,
with a settling time of between 2 and 4 ms depending on the field
value [4]. The high field (42 MHz) NMR coil was a solenoid consist-
ing of eight turns of copper wire wound on a former of 10 mm
diameter and 10 mm length, across which the field homogeneity
was close to two parts in 10°. The samples consisted of 2 g of,
the room temperature stable, phase I [6,7] PETN mixed with a
small amount of additive. T; values of between 1 ms and 100 s
were measured by standard inversion recovery methods [8] using
multiple-pulse sequences with signal averaging to improve signal-
to-noise ratio. The measurements were conducted over a range of
temperatures between 250 and 370K to include the region of
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Fig. 1. Molecular structure of pentaerythritol tetranitrate (PETN) reproduced from
J. Crystal Growth 292 (2006) 461-467 by kind permission of Dr. Luis A. Zepeda-
Ruiz. The carbon, hydrogen, oxygen and nitrogen atoms are coloured grey, white,
red and blue, respectively. (For interpretation of color mentioned in this figure the
reader is referred to the web version of the article.)

interest in NQR detection methods for this explosive, but some
fixed-field NMR measurements were also undertaken with the
same samples at 15 and 40 MHz at temperatures of up to 390K,
and 26 K below the melting point, the maximum attainable before
significant thermal decomposition began. The observed 40 MHz 'H
NMR spectrum (Fig. 2) showed two components with different
line-widths, a narrow component (B) with short Ty values, typically
0.1s and assigned to the additives, and a broad doublet (A)
with long T; values of 100 s or more assigned to the NMR spectrum
of the CH, groups in PETN with a dipolar splitting close to 25 kHz,
corresponding to an interproton distance of 171 pm. The influence
of the short T; component was removed by means of a T, filter for
which all points of the relaxation data before 0.1 s were rejected.

Pulsed N quadrupole resonance measurements were con-
ducted on a Tecmag “Libra” RF spectrometer. Line frequencies
and spin-lattice relaxation times T;q were measured over a tem-
perature range from 283 to 323 K. Multiple-pulse echo sequences
[9] were used for signal enhancement and the saturation recovery
method [8] was used to obtain the T;q values assuming a single
relaxation time. The sample was 140 g of Detasheet (63% PETN)
and the temperature was controlled by circulating silicone oil from
a thermostated oil bath round the sample. The temperature range
was limited to reduce risks in handling this quite large sample of
explosive.
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Fig. 2. A 40MHz 'H NMR spectrum of solid PETN at 300 K showing the two
components with different line-widths (scale in units of 30 kHz).

3. Results and discussion
3.1. The temperature variation of the "*N NQR v. line frequency

1N quadrupole resonance frequencies are already known for
PETN at ambient temperatures, with v, =890 and v_ =495 kHz
[10]. Only one set of *N NQR frequencies is observed as predicted
by the symmetry of the molecules in the crystal, which sit on four-
fold inversion axes [6,7]. We have measured the temperature var-
iation of v, line frequency, and the results are plotted in Fig. 3.

The temperature variation has two approximately linear re-
gions indicated by the two linear fits in Fig. 3. The first from 258
to 296 K gives a frequency temperature coefficient of -90.1 [Hz]
[K~'] and the second from 296 to 323 K gives a higher value of -
117.6 [Hz] [K']. It is difficult to identify the exact point of transi-
tion from one region to the other but it lies between 296 and 306 K.
The errors in the temperature are estimated to be +0.25 K and in
the frequency +0.1 kHz. A major contribution to this temperature
dependence is expected to come from the torsional oscillation of
the NO, group about the bond to the oxygen atom of the CH,-O
group, which at constant volume should follow the Bayer-Kushida
equation [11].

V(T) = v(0) — (3hv/2) Z %11 (W) v

i

where the zero temperature term v(0) is given by:
v(0) = vo [1 —(3/4)h ZAi/wi}
i

w; is the torsional oscillation frequency of the ith mode, v(T) is the
NQR line frequency at a temperature T, and v, the resonance fre-
quency in a fictitious “static” lattice. A; consists of two terms. The
first is due to the averaging of the electric field gradient at the nu-
clear site by the torsional oscillations, for which A; = 1/I;, [; being the
corresponding moment of inertia, and the second is due to molecu-
lar distortion. The temperature variation of both linear regions in
Fig. 3 could be expressed by extracting the linear term in Eq. (1)
to give for one torsional mode:
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Fig. 3. Temperature variation of the 14 N NQR v, line frequency for PETN between
258 and 323 K.
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Assuming that the difference in slope above and below about
296 K is due entirely to a change in the torsional oscillation fre-
quency of the NO, group, it corresponds to a 25% decrease in w;.
Assuming a value for I; of 64.6 x 10747 kg m? calculated from bond
lengths and angles for the NO, group taken from the crystal struc-
ture [5], we predict a torsional frequency of 83 cm~! above 300 K
and 95 cm™! below, which may be compared with values for C-
NO, torsional frequencies of 106-115 cm™~! in m-chloronitroben-
zene [12] and 21 cm ™! in 3-nitrobenzene sulphonyl chloride [13].
Torsional frequencies are known to be temperature dependent, of-
ten decreasing linearly with increase of temperature [14], but the
behaviour observed in PETN is more unusual, since the change oc-
curs over a small temperature range. For a simple harmonic oscil-
lator, the change in torsional frequency implies an increase in the
root mean square amplitude of oscillation by a factor of approxi-
mately 7%. We propose that this is due to the onset of hindered
rotation of the NO, group about the bond to the oxygen atom of
the CH,-O group, to be discussed in the next section, which pro-
duces a molecular distortion of the flexible CH,-0O-NO, group in
such a way as to reduce the torsional frequency and so increase
the rms oscillational amplitude.

3.2. 'H T, dispersion measurements

Field-cycling experiments were conducted at sample tempera-
tures between 274 and 366 K and magnetic fields (in units of the
'H NMR frequency) between 1.8 kHz and 15 MHz. It is assumed
that there will be no level-crossing effects because of the fast rate
of change of the magnetic field of 1400 T s~'. A typical plot over the
whole field range at 330 K is shown in Fig. 4, there are three partic-
ular regions of interest and we will deal with the detail of each of
these separately. The first region between 2 and 110 kHz, shows a
step in Ty, the second between 150 kHz and 1 MHz, has at least six
quadrupole dips (see Fig. 6) and the third between 1 and 15 MHz
has two broad, shallow dips between 2.2 and 5 MHz which we ten-
tatively assign to level crossing with '70.

Plots of 1/T; for the first low field region at different tempera-
tures are shown in Fig. 5. If plots of In T; against T-! from the re-
sults in Fig. 5 at fixed fields of 1.8 and 70 kHz are fitted to the
equation.
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Fig. 4. 'H T, dispersion in PETN at 330 K over the full field range up to 15 MHz.
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Fig. 5. Plots of 1/T; versus 'H NMR frequency from low field 'H T; dispersion
measurements on PETN between 1.8 and 110 kHz at the three temperatures 366,
346 and 310K, together with calculated fits.

1 prr
T, = Ae 3)
the activation energies E, deduced are 9.2 k] mol~! at the former
and 10.7 kj mol~! at the latter, equal within experimental error.
We suggest that the relaxation mechanism is the small transient
rotation of the CH, group which accompanies the hindered rotation
of the NO, group and which also modulates the '“N...'H dipolar
interaction. We therefore fit the data of Fig. 5 using Eq. (4), previ-
ously used to analyse a similar (but larger) reorientation of the
interproton vector of the two hydrogen-bonded protons in the di-
mer of p-toluic acid - d; [15]. However, here we assume that the
probability of the occupation of the two sites is equal and we have
included a term for the local dipolar field which is significant when
the applied field is low.

{Tll} B C(l + ((wHTjr wL)t)? - 1+ 4((wit-c|r wL)‘cc)2> @
with
C:;—Oyﬁhz (Z%)z sinZ:(;:HH) 5)
and
T = ToeFe/RD) (6)

where 2oy is the mean change in the angular orientation of the
interproton vector of the CH, group, ryy the interproton distance
within this group (assumed to equal 171 pm), yy is the proton gyro-
magnetic ratio and wy =2nvy and w = 21y, where vy and v, are
the '"H NMR frequencies in the applied magnetic field and in the lo-
cal dipolar (25 kHz) field, respectively.

The fits shown in Fig. 5 to the 1/T; plots for the three tempera-
tures 310, 346 and 366 K were all obtained with E, = 10.5 k] mol ™!
and gave the temperature dependent values of 79 and C presented
in Table 1 together with the resulting values of 7. and 2oyy. The
values of the latter are too small to produce any significant effect
in the dipolar splitting observed in the 'H NMR spectrum of
Fig. 2. The expected low field plateau has not been reached in these
measurements, although there is some evidence for it in Fig. 4. This
may be because of the large dipolar term; nevertheless the fits
should not be regarded as unique. The use of the fixed value of
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Table 1
Parameters of Eqs. (4)-(6) obtained from the fits of Fig. 5.

Table 2
Dip frequencies and assignments for PETN.

T [K] Cls7?] To [ps] Tc [ps] 20mp [°] Dip assignment Dip frequency (kHz)
310 2.8 x 10° 0.053 3.14 3.3 Yavo 200
346 3.7 x 10° 0.092 3.55 3.8 Yav_ 250
366 5.0 x 10° 0.108 3.40 44 Yav, 445
Vo 395
Vo 499
Ve 904

E.=10.5k] mol~! is a compromise, it is in good agreement with
the values mentioned above as well as the value found in Sec-
tion 3.3 and also gives reasonable fits for all three temperatures.
However, this also requires C and 7, to be temperature dependent
and here we assume this could be a consequence of the flexibility
of the CH,-0-NO, chain which is only fixed at one end, as men-
tioned in Section 3.1.

The second region of the proton T; dispersion from 150 kHz to
1 MHz contains six quadrupole dips which have been assigned to
the three “N NQR frequencies, for which v, and v_ are close to
those observed in zero-field pulsed NQR, together with the corre-
sponding double proton relaxation jumps [16]. Fig. 6 shows the de-
tail for this region taken from two separate measurements with
PETN at a temperature of 330 K; the dips are assigned as in Table 2.

The dips have been fitted to Eq. (7):

1
T, = Ri+ Ry ()
in which R, refers to the expected contribution in the absence of the
dips and Ry, to that of the dips themselves [17]. We assume that the
former can be described by a simple power law of the form:

R, =Awy* (8)
and the latter by a Lorentzian function of the form:

=Y B20w/(1

where the summation is over the index j representing the six quad-
rupole dip frequencies given in Table 2. The parameter Tyy is a mea-
sure of the spin-lattice cross-coupling time between the N and 'H
spin systems at level crossing and the width of each dip is given by
1/mtnp. Fig. 6 shows a fit to T; data using Eqs. (8) and (9) in which
different values of BY were assumed for each dip along with two
different values of Tyy, depending on whether the dip corresponds
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Fig. 6. 'H T, dispersion in PETN at 330 K from 1.8 kHz to 1 MHz taken from two
separate experiments with a calculated fit.

to a single proton or double proton jump. The fit gave Ty = 43.4 1S
for the former and Ty = 7.6 s for the latter together with a value of
a=0.37 in the power term R,.

3.3. The temperature variation of 'H T; at fixed NMR fields

Fig. 7 shows the temperature variation of the proton T; at
40 MHz for PETN between 217 and 380 K from measurements ob-
tained using two PETN samples taken from different batches of the
explosive, the most notable feature is a broad and rather shallow
minimum of 110 s between 280 and 310 K. Similar results were
obtained at 15 MHz with a T; minimum of 65s also close to
280 K. Fig. 7 also shows a fit, again using Eqs. (4)-(6), with the fol-
lowing parameter values:

C=158x10° 1,=0027ns E,=11.1k mol ™!

the latter being in good agreement with the values of obtained from
the T; dispersion in Section 3.2. The value of C obtained here is sig-
nificantly higher and that of 7y lower than the three temperature
dependent values obtained in Section 3.2, given in Table 1, but this
was the only way we could fit the much higher field data of Fig. 7.
We do not have a functional form for the temperature dependence
of C to use in this fit but anyway this would be unlikely to result in
values of C in agreement with Table 1.

According to Eq. (4), the ratio of the minimum T; values at 40
and 15 MHz should be 1.86 compared to the observed value of
1.69, the discrepancy being presumably due to approximations
made in the analysis.
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Fig. 7. Temperature variation of the 'H T; in PETN at 40 MHz between 217 and 380
from measurements obtained using two PETN samples taken from different batches
of the explosive indicated by the two different symbols.
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3.4. The temperature variation of the "*N NQR v, line spin-lattice
relaxation time Tqq

This shows unusual behaviour in the temperatures range of
263-323 K. The expected decrease with increasing temperature is
interrupted by a minimum near 283 K (Fig. 8), followed by appar-
ently a second minimum near 316 K. The maximum around 303 K
is in the same region as the change in the temperature coefficient
seen in Fig. 3.

Similar behaviour has been observed in the temperature varia-
tion of T; for "N NQR in triethylenediamine which has a deep min-
imum ascribed to reorientation of the whole molecule about its
threefold axis, followed at higher temperatures by an increase in
the contribution from torsional oscillations of the whole molecule
[18], and for 2°CI T; in the disordered phase of m-chloronitroben-
zene, ascribed to reorientation of the NO, group [12]. In both cases,
the presence of a minimum or inflection in T; indicates the pres-
ence of magnetic dipolar relaxation.

The PETN phase I crystal structure is ordered at room tempera-
ture and stable up to close to the melting point near 416 K [6,7].
The PETN molecule sits on a fourfold inversion axis and the NO5
group is planar, with ONO bond angles of 112.5°, 117.1° and
130.4°. The N-O bond lengths are 120 and 123 pm and the ONO
bond angles to the CO; oxygen atom are 113° and 130°. Hindered
rotation of the NO, group by 180° about the bond to the CO; oxy-
gen atom will modulate the “N..."H dipolar coupling due to the
transient reorientation of the interproton vector of the CH, group
already discussed in the analysis of the 'H NMR T; dispersion. If
we neglect any contributions from quadrupole relaxation, the
dipolar mechanism will be assumed to follow equations similar
to (4)-(6) but appropriate to magnetic dipolar relaxation between
unlike nuclei:

1 Te 37 67,
7—=C 2t 2t 2
T, 1+ ((wq —ou)T)” 1+ (0qTc)” 1+ ((wq + Wu)Te)
(10)
where

_9 2,212 (Mo 2Sinz(ZOCNH)
C=1go WA (g2) e

6
TNH
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Fig. 8. Temperature dependence of T; for the '“N NQR v, line of PETN between 263
and 323 K.

and the correlation time 7. is again given by Eq. (6). 2any is the
mean transient angular change in the N...H vector due to the reori-
entation of the interproton vector of the CH, group, ryy is the N.. .H
internuclear distance, yy the '*N gyromagnetic ratio and wq = 27vg.
Although Fig. 3 shows that v. varies from about 893 to 889 kHz over
the temperature range of the fit we have used the fixed value of
vq=Vv: =890 kHz as this temperature variation does not signifi-
cantly alter the fit. We assume that wy = 2mvy where vy here is
v =25 kHz, the "TH NMR frequency the in local dipolar field. The
parameters obtained from the fit are C=3.44x 10%s2
79=5.45ps, E;=24.5kj mol~! and 7.=0.18 ps at the minimum
near 284 K. The value of C corresponds to a value for sin?(2ong)/
rnn® of 2.06(4) x 10°6. The value of 7. is approximately 25 times
shorter than the value predicted from the '"H NMR dispersion mea-
surements. The conclusion that the *N NQR correlation times are
much shorter than those of 'H NMR is attributed to the slow
spin-lattice cross-coupling between the two spin systems [19].

Above about 305 K, T; begins to shorten again and there is some
evidence for another minimum near 316 K. However, because of
the risks entailed in going to higher temperatures for this large
sample, we have insufficient results in this region to be certain
about this second minimum. If it is real then the value of 7. at this
minimum would still be 0.18 ps but the lower value of T; of 23 s
implies a larger value for C of 4.78 x 10* and hence a larger value
of sin?(2omn)/rau’ = 2.87 x 10°%. Both oy and ryy are likely to
change, but assuming the value of the latter equals the mean X-
ray value of 220 pm, the mean value of 2oy increases by approx-
imately 13.7° consistent with the increase in the torsional ampli-
tude of the NO, group predicted by the reduction in the torsional
frequency above 300 K. Despite the approximations made in the
analysis the results of the NMR and NQR relaxation time measure-
ments summarized in Table 3 are reasonably consistent with the
proposed relaxation mechanism.

3.5. 70 Quadrupole interactions

The third region of the proton T; dispersion between 1 and
10 MHz contains shallow but reproducible quadrupole dips, which
are shown in more detail in Fig. 9, where the signal-to-noise ratio
has been enhanced by application of a smoothing function in the
form of a running average over 5 data points.

If the background variation is fitted by a power law term (Eq.
(8)) which is then subtracted from the dispersion plot of Fig. 9,
the quadrupole dip "spectrum” shown in the lower (solid line) plot
is obtained. There is one broad quadrupole dip at a frequency of
approximately 3.1 MHz and possibly three others at 4.2, 4.9 and
5.4 MHz, a region in which quadrupole dips from 70 would be
expected.

Such signals have been seen in other compounds, viz ammo-
nium persulphate [20] and the success of the experiment attrib-
uted to short 7O spin-lattice relaxation but long 'H relaxation
times. The same factor may account for their appearance in PETN.
Two NQR frequencies are expected for this spin-5/2 nucleus, corre-
sponding to the transitions +1/2 — +3/2 and + 3/2 —» £ 5/2. When
the asymmetry parameter is non-zero the double quantum transi-
tion+ 1/2 —» £5/2 is also possible. In PETN two such sets of NQR
frequencies are expected, one for the NO, averaged over the hin-

Table 3
The results of the NMR and NQR relaxation time measurements.

Temperature  2oyy [rads] (NMR) 2wy [rads] (NQR)  Ratio (2otyy/20nm)
Below 310K  0.066 0.019 3.68

Above 310K 0.057 0.016 3.75

Ratio 1.15 1.18
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Fig. 9. The upper plot shows the data points for the 'H T; dispersion measurements
at 302 K between 2.3 and 5.8 MHz; two different sets of experiments have been
averaged and enhanced by the application of a smoothing function (see text). The
lower (solid line) plot is a quadrupole dip “spectrum” derived by subtraction of an
estimate of the background variation from the dispersion data (the vertical scale
does not apply to the lower plot since for this the scale is arbitrary).

dered rotation and the other for the CO oxygen which presumably
is only marginally affected by this motion. For the former, the
quadrupole parameters for an NO, group undergoing hindered
rotation about an axis to a third atom can be estimated from pub-
lished values of the quadrupole coupling constants and asymmetry
parameters in nitrobenzene [21] at 77 K at which temperature all
motion would be frozen. From a theoretical analysis, the maximum
principal component of the electric field gradient (efg), q,,, is found
to lie in the molecular plane but perpendicular to the N-O bond
with gy perpendicular to the molecular plane and a positive quad-
rupole coupling constant. A 180° rotation of the NO, group about
the N-0O, to the carbon atom will then rotate the efg tensor by
130.4° about the x-axis; averaging the two tensors over this motion
and re-diagonalising gives an averaged quadrupole coupling con-
stant of 4.977 MHz and asymmetry parameter of 0.141, corre-
sponding to a rotation of 51° about the x-direction. The predicted
NQR frequencies are then 0.762 and 1.487 MHz, where they would
partly overlap the "N quadrupole dips. It appears that the ob-
served spectrum must be assigned to the CO oxygen atom, its
relaxation time reduced by the modulation of the '70...'"H di-
pole-dipole interactions due to the reorientation of the NO, group.
A tentative assignment would be for the broad line near 3.1 MHz to
correspond to the 1/2-3/2 transition and the higher frequency near
4.9 MHz to the 3/2-5/2 transition; additional weaker maxima may
be due to Zeeman splitting of the 70 quadrupole levels. If this
assignment is correct, then the observed frequencies correspond
to a 170 quadrupole coupling constant of 17.5 MHz and an asym-
metry parameter of 0.43. Alternatively, if the two 'O frequencies
are 3.10 and 5.40 MHz, the quadrupole coupling constant is calcu-
lated to be 18.4 MHz and asymmetry parameter 0.36, the most
probable result lying between these two. Both values are large
compared with the values observed in ice [22].

4. Conclusions

The results of combined N NQR measurements and 'H T; NMR
dispersion between 1.8 kHz and 40 MHz in the explosive pentae-

rythritol tetranitrate (PETN) can be explained by a hindered rota-
tion of the NO, group about the bond to the CO oxygen atom.
The resulting transient change in the '“N...'H dipole-dipole inter-
action produces a step in the 'H T; dispersion between 2 and
100 kHz characterised by a correlation time approximately 25
times longer than that of the reorientational jumps of the NO,
group, attributed to slow spin-lattice cross-correlation between
the 'H and “N spin systems. The '“N spin-lattice relaxation times
appear to show an additional minimum near 316 K in the same re-
gion as the reduction in the NO, torsional frequency, explained by
an increase in the torsional amplitude of the NO, group. The 'H T,
dispersion plots also contain information on the quadrupole reso-
nance frequencies of the N and possibly of the 170 nuclei in this
molecule, an added advantage of this NMR technique.
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