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The explosive hexahydro-1,3,5-trinitro-s-triazine (CH,—~N-NO,);, commonly known as RDX, has been
studied by "*N NQR and 'H NMR. NQR frequencies and relaxation times for the three v, and v_ lines of
the ring "N nuclei have been measured over the temperature range 230-330 K. The 'H NMR T; disper-
sion has been measured for magnetic fields corresponding to the '"H NMR frequency range of 0-5.4 MHz.
The results have been interpreted as due to hindered rotation of the NO, group about the N-NO, bond
with an activation energy close to 92 k] mol~". Three dips in the "H NMR dispersion near 120, 390 and
510 kHz are assigned to the vo, v_ and v. transitions of the *NO, group. The temperature dependence
of the inverse line-width parameters T; of the three v, and v_ ring nitrogen transitions between 230
and 320K can be explained by a distribution in the torsional oscillational amplitudes of the NO, group
about the N-NO, bond at crystal defects whose values are consistent with the latter being mainly edge
dislocations or impurities in the samples studied. Above 310 K, the '“N line widths are dominated by the
rapid decrease in the spin-spin relaxation time T, due to hindered rotation of the NO, group. A conse-
quence of this is that above this temperature, the 'H T values at the quadrupole dips are dominated
by the spin mixing time between the 'H Zeeman levels and the combined 'H and N spin-spin levels.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The explosive RDX (hexahydro-1,3,5-trinitro-s-triazine or
cyclo-trimethylene-trinitramine) has three polymorphs, o and B
at ambient conditions and vy at high pressure [1]. -RDX is so unsta-
ble that its crystal structure is unknown and under normal condi-
tions RDX exists only as the o polymorph which neutron
diffraction crystal analysis [2] has shown to have the structural
conformation shown in Fig. 1. The hexahydro-s-triazine ring is in
the chair conformation with two nitro groups positioned differ-
ently from the third and in the crystal lattice pairs of RDX mole-
cules interact [3] so that all three ring nitrogens and nitro groups
are crystallographically unique and give rise to separate groups
of NQR lines. There are many publications dealing with fundamen-
tal aspects of RDX N NQR and also its application in the field of
explosive detection (see for example [3-8]). The 'H NMR
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line-shape and spin-lattice relaxation time T; of RDX at the fixed
frequency of 56.4 MHz [9] has also been analysed and related to
proton-proton distances. Further information about molecular
geometry and interactions in crystalline RDX has come from the
theoretical analysis of terahertz spectra [10-12] and vibrational
photoacoustic spectra [13]. In this paper we present measurements
of the 'H NMR T; dispersion for RDX in the frequency ranges
1.7-1000 kHz, 3300-3535 kHz and 5000-5400 kHz and compare
them with NQR results in order to show that much of the NQR
behaviour can be understood in terms of hindered rotation of the
NO, groups in this molecule about the N-NO, bond with an activa-
tion energy close to 92 k] mol~! as well as the torsional oscillations
about the same bond.

2. Experimental methods

The 'H T, dispersion measurements were conducted on a fast
field cycling NMR spectrometer as described previously [14] and
the "N NQR studies on S.M.LS and Tecmag “Libra” pulsed RF spec-
trometers. The sample for the NMR work was RDX stabilised in
Galden oil and for the NQR study was PE4 (approximately 88%
RDX). The measurements are mainly confined to temperatures
which might apply in the application of NQR to explosive
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Fig. 1. The molecular structure of «-RDX reproduced from [1] by kind permission of
Prof. Colin R. Pulham. The carbon, hydrogen, oxygen and nitrogen atoms are
coloured grey, white, red and blue respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

detection. Because of the very fast switching rate in the NMR field
cycling studies, (approximately 6 x 10'°Hz s~ 1), level crossing
effects are neglected.

3. Results and discussion
3.1. 'H T, dispersion measurements

We have carried out 'H NMR T; dispersion measurements for
RDX at various temperatures in the frequency region between
1.7 kHz and 1 MHz in which the NQR transitions from the NO,
groups occur and also in the two regions, centred on 5.2 and
3.4 MHz, where the v, and v_ NQR transitions of the ring N nuclei
lie. It is these latter higher frequency transitions that have been
used in the NQR detection of RDX, particularly in airline luggage
[15,16]. Our 'H T, dispersion measurements for the low frequency
range at four different temperatures are shown in Fig. 2. The vari-
ation of 'H T; at 322 K bears some resemblance to the 'H T, disper-
sion in PETN over the same frequency range (Fig. 6 of Ref. [14]).
Both have an initial region, up to about 80 kHz here for RDX, where
T, rises sharply followed by a second region with quadrupole dips.
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Fig. 2. The 'H NMR T; dispersion in RDX below 1MHz at four different
temperatures.

By analogy to our interpretation for PETN [14] we attribute the
relaxation mechanism in the initial region for RDX to a transient
twist of the CH, groups caused by hindered rotation of the neigh-
bouring NO, groups about the N-N bond. Since the NO, groups do
not sit on symmetry axes, the N-O distances and ONO angles in all
three nitro groups differ and each rotation is likely to involve a sig-
nificant transient change in their environment. The second region
here for RDX shows four quadrupole dips with frequencies close
to 120, 260, 390 and 510 kHz at 322 K and these can be attributed
to cross-relaxation with the *N nuclei of the NO, groups at fre-
quencies which are known from zero-field pulsed NQR measure-
ments. The N v, lines of the NO, groups of RDX at room
temperature have been observed [17] at 502.3, 500.5 kHz and the
v_ lines at 405.1, 396.2 and 384.1 kHz. So the quadrupole dips ob-
served here at 510, 390 and 120 kHz can be assigned to the v., v_
and vy "N NQR frequencies respectively. The dip near 260 kHz is
probably due to two-frequency cross-relaxation of the v. transi-
tions near 510 kHz. Other weak dips are observed at low frequency
in the 279 K data: the dip near 60 kHz is assigned to a two-proton
jump for vg at 120 kHz, that near 200 kHz the same for the v_ tran-
sition at 385 kHz and that close to 240 kHz the same for the v,
transition near 510 kHz.

The low-field 'H T; dispersion results for RDX have been ana-
lysed in the same way as for PETN [14]. Plots of 1/T; versus proton
NMR frequency up to 80 kHz for the 301 and 305 K low field T;
data of Fig. 2 were fitted using Eqs. (1)-(3); assuming equal prob-
ability for the occupation of the two sites involved in the
reorientation.
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where 204y is the small transient change in the angular orientation
of the interproton vector of the CH, group of length ryy, yy is the
proton gyromagnetic ratio and wy =27wvy and w; = 27v;, where vy
and v, are the 'H NMR frequencies in the applied magnetic field
and in the local dipolar field (assumed to be 32 kHz [9]) respec-
tively. 7. is the correlation time and E, the activation energy charac-
terising the motion. The fits gave approximate values for 7. of 3 ms
and E, of 40 k] mol~'. However, the value for C is unacceptably
large, which is probably explained by overlap with the vq transition
near 120 kHz, which would be expected to have sub-harmonics
near 60 and 40 kHz due respectively to two or three relaxation
jumps, one of which may actually be observed close to 60 kHz in
the dispersion data at 279 K. These transitions may even overlap
the dipolar absorption edge and so be partly responsible for the
short 'H T; in low or zero field. We have less data points in this
low frequency region for RDX compared to in our previous study
of PETN [14] and the values of 7. and E, are therefore very tentative,
particularly as the expected low-field plateau has not been reached.

In the high frequency limit when [(wy + @;)*72] > 1 we can
write Eq. (1) as

T 27271,
=ac! C
A fit with Eq. (4) to the “off-dip” or background T; values for the
322 K data is also shown in Fig. 2 and as can be seen, from about
180 kHz upwards this high frequency limit is closely followed, as
would be expected with the long 7. of 3 ms.

T

WH + CUL)2 = (vu + VL)2 4)
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Fig. 3. Arrhenius plot of the temperature dependence of the '"H NMR T; of RDX
measured by field cycling at on-dip frequencies of 390 and 510 kHz and off-dip
frequencies of 600 and 900 kHz.

Since in Eq. (3) 7. is defined by an Arrhenius equation, then in
the high frequency limit, the temperature dependence of T; at a
fixed frequency has the same form. This can be seen by substitut-
ing 7. from Eq. (3) into Eq. (4) and rearranging to give

2 2
T, — 2n TO(‘? + Vi) oEa/RT) _ pp(Ea/RT) (5)
or
E, /1
In(Ty) = In(A) + ﬁa (T) (6)

We have measured the 'H NMR T; of RDX by field cycling at
temperatures between 260 and 380K at four fixed frequencies,
two “on-dip” at 390 and 510 kHz and two “off-dip” at 600 and
900 kHz. The results are presented in the Arrhenius plot of Fig. 3.
The plots of the “off-dip” T; values at 600 and 900 kHz are indeed
simple linear plots and fits are shown using Eq. (6), from the slope
of which we obtain a value for E, of 80 k] mol~'. As might be ex-
pected the plots of the “on-dip” T; values at 390 and 510 kHz show
different behaviour, there are two linear regions with a marked
change in slope around 310 K and Fig. 3 shows fits to each region
again using Eq. (6). Below 310 K the slope of the linear fit is the
same as for the “off-dip” plots so again E, is 80 k] mol~' but above
310K we obtain a value for E, of 22 k] mol~". It is likely that be-
cause of the dipolar splitting of the 'H Zeeman levels, avoided level
crossing [18] will be the predominant mechanism. At “on-dip” fre-
quencies, spin-lattice relaxation is expected to occur in two stages:
in the first, the spin temperatures of the Zeeman and spin-spin
systems equalise, usually in a short time, and in the second, the
common spin temperature then relaxes towards its equilibrium
value. The results in Fig. 3 suggest that in fact above 310 K the first
step becomes rate determining between 310 and 385 K. In loga-
rithmic plots, the temperature coefficients are —2.65 x 1073 K™!
390 kHz and —2.78 x 102K~ ! at 510 kHz, identical within exper-
imental error. However, because of the comparable values of the
two times in this region, the conditions are non-adiabatic and a
single exponential time constant is unlikely to be valid. In this
rather restricted temperature range, T; can be equally well fitted
to a linear variation with temperature with coefficients of
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Fig. 4. A low resolution 'H NMR T; dispersion measurement for RDX at 355 K
showing the location of the three ring nitrogen quadrupole dips.

—0.17 ms K" at 390 kHz and —0.28 ms K~! at 510 kHz; a mean va-
lue of —0.23 ms K. It should be noted that in the solid phase, the
average internuclear distance between a given ring N atom and any
of the four nearest CH, protons is 209 pm [2], corresponding to a
mean dipolar coupling constant of ynyuh/rai>(to/47) = 6.0 kHz,
which would lead one to expect a faster spin mixing time between
the two spin systems rather than the values observed in RDX, e.g.
10 ms at 305 K. Part of the reason is a consequence of the quench-
ing of the dipolar '“N-.-'H coupling in first order when the asym-
metry parameter is non-zero, which in RDX would reduce the
dipolar coupling constant by a factor of six [19]. Another factor
may be that because of the non-adiabatic conditions there is
slower spin mixing between the states |x, —) and |z, + ) than ex-
pected (here x, z and +, — denote the '“N quadrupole states and
the 'H magnetic states respectively). Slow spin mixing has also
been observed in other compounds containing nitro groups in
which spin-mixing times as long as 100 ms have been observed
[18,20].

The N NQR transitions from the RDX ring nitrogen atoms lie in
the frequency range 1000-6000 kHz and Fig. 4 shows a plot of data
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Fig. 5. '"H NMR T; dispersion measurements for RDX in the region of the ring
nitrogen v_ quadrupole dip (for clarity only the results for five temperatures are
shown).



J.AS. Smith et al./Journal of Magnetic Resonance 213 (2011) 98-106 101

TIK]
370 355 340 325 310 295 280 265 250
T T
105 3
104 | ;:-f//
_ ]03? - |
(7] F 3
E f 3
';_ F -
107 E E
101 i cal |
W E
100 b NI, PN
261073 3.0103 34103 381073
1T K]

Fig. 6. Arrhenius plot of the temperature dependence of the '"H NMR T at the
minima of the low (@) and high (O) frequency features of the ring nitrogen v_ dip in
Fig. 5, for the full range of temperatures studied.

from a low resolution '"H NMR T, dispersion measurement over
this range for RDX at 355 K together with a fit using Lorentzian
functions for each of the three dips and a power law for the back-
ground. Clearly this plot has too few data points to give an accurate
representation of the quadrupole dips but it provides an overview
of the full high frequency range. We have carried out detailed mea-
surements in the vicinity of the ring nitrogen v_ and v. quadrupole
dips. Variable temperature 'H T; dispersion measurements were
carried out over the v_ dip region in the range of 260-360 K and
Fig. 5 shows the results for five of these temperatures. NQR studies
[3,8] have shown that there are three temperature dependent v_
N NQR transitions in this region; at room temperature (298 K)
these are at 3359, 3410 and 3458 kHz. As can be seen in Fig. 5 these
three transitions are not resolved in the quadrupole dip but two
features can be distinguished, for example near 3380 and
3445 kHz for the 301 K data. The resolution of these low and high

104 L N \A‘ffm |

] %@éf 3

L \,‘267 ]

108 4
- ; 377K ]
E : ]
Tl \\{/ 3
i 308 K ]

101 E
5000 5050 5100 5150 5200 5250 5300 5350 5400

Field [kHz]

Fig. 7. '"H NMR T; dispersion measurement for RDX in the region of the ring
nitrogen v, quadrupole dips. Variable temperature results are shown for the low
frequency dip.

frequency features decreases at low temperature and they eventu-
ally merge. The Arrhenius plot of Fig. 6 shows the temperature
dependence of the 'H NMR T, values at the minima of the low
and high frequency features of the v_ dip and again there is a step
in the plot around 315-320 K. Above this temperature separate lin-
ear fits are shown for each resolved feature, they have the same
slope from which we obtain E, as 23 k] mol~". For the lower tem-
perature range, a single linear fit is shown and here E, is
67 k] mol~'. Below 311 K, the N NQR T; (T;q) correlates well with
T, ('H) at the dip minimum, with T;q = 0.1T;; above, the coefficient
increases by a factor of almost three. The temperature variation of
T, is similar to that shown in Fig. 3 for the 390 and 510 kHz lines
with a marked change in slope near 320 K; above this temperature
at a fixed on-dip frequency of 3440 kHz, T; shows a linear variation
with temperature, with a temperature coefficient of —0.25 ms K™,
close to that for the 510 kHz dip.

A 'H T, dispersion measurement across the full range of the ring
nitrogen v. transitions is presented in Fig. 7 for RDX at room tem-
perature (298 K). Despite the line broadening, quadrupole dips cor-
responding to all three v, transitions are resolved at 5110, 5255
and 5300 kHz. At zero-field the three v, *N NQR lines of RDX at
298 K occur at 5047, 5192 and 5240 kHz [3,8] so the quadrupole
dips are Zeeman shifted by about 60 kHz. The minimum in the T;
dips at level crossing is remarkably deep with values close to
100 ms compared to 100 s off-resonance, a reduction by a factor
of 1000, due in large part to the large reduction in the N Tjq
caused by hindered rotation of the NO, groups. We carried out var-
iable temperature measurements in the range 260 to 310 K for the
fully resolved dip at 5110 kHz and some of these are also shown in
Fig. 7. An Arrhenius plot of the minimum T, values at the dips is
similar to the lower temperature region of Fig. 6 for the v_ dip
and here a linear fit gives the value of E, as 72 k] mol~! close to
the v_ value of 67 k] mol~".

3.2. "N NQR measurements

Fig. 8 is an Arrhenius plot of the temperature variation of the
14N NQR spin-lattice relaxation times T,q for the three v, and three
v_ transitions of the RDX ring nitrogen atoms in the range 230 to
340 K; the data point symbols are labelled with the room temper-
ature NQR line frequencies. All the T, values fall close to the same
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Fig. 8. Arrhenius plot of the temperature variation of the T, relaxation time for all
six v, and v_ "N NQR transitions of the RDX ring nitrogens.
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plot, despite the fact that in solid RDX, the plane of the ring C-N-C
atoms make different angles, J, to the corresponding N-N bond,
being close to 34° for two of these groups and —20° for the third.
It has been argued [3] that the latter should be assigned to N1 in
the neutron crystal structure analysis [2] and the former to N2
and N3; further evidence supporting this assignment will be given
later. The variation in Fig. 8 falls into two regions with a step near
270K and from the linear fits using Eq. (6) we obtain an activation
energy E, equal to 90 k] mol~! above 270 K. Below 270 K there ap-
pears to be a slight divergence in the plots for v, and v_ transitions
although the activation energies agree within the experimental er-
ror; E, for the v, group is about 15kJ mol~! while it is about
19 k] mol~! for the v_ group, giving a mean of 17 kj mol~".

In the high activation energy region above 270 K these results
are consistent with quadrupole relaxation caused by a transient
change of the quadrupole parameters of the ring nitrogen nucleus
produced by hindered rotation of the attached NO, group. The acti-
vation energies for this process are very similar for all six transi-
tions despite the different values that the N-NO, bonds make
with the C-N-C plane. At ambient temperature the '“N NQR
spin-lattice relaxation times for the two v. lines of the NO, groups
are very similar to those of the ring nitrogens, for example at 294 K
we have measured Tyq to be 20 + 3 ms for the lines near 501 and
503 kHz. In PETN T;q for the NO, group v. line is over 1000 times
longer and has the lower activation energy of 24.5 k] mol~!. This
difference is ascribed to the larger transient change in the quadru-
pole parameters for N-NO, groups relative to O-NO, groups, due
possibly to a greater degree of  bonding in the N-NO, bond. High
activation energies have been observed in a number of aromatic ni-
tro compounds [21], in which the asymmetry parameter of the
14NO, is strongly dependent on the twist angle of its plane with re-
spect to that of the benzene ring [22], with # varying between 0
and 0.4 for twist angles between 90° and 0°. In such cases it is clear
that hindered rotation of this group about the C-N bond would
produce a significant transient change in the quadrupole parame-
ters. This conclusion is supported by the shortness of the N-N bond
in RDX (values of 135 (N1), 139 (N2) and 140 (N3) pm [2]) com-
pared with typical single-bond values, e.g. 145 pm in gaseous
hydrazine.
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Fig. 9. Arrhenius plot of the temperature variation of the T, relaxation time for all
six v, and v_ N NQR transitions of the RDX ring nitrogens.

A tentative explanation for the change below 270K to a region
of lower activation energy is that another relaxation mechanism
becomes temporally significant. No similar behaviour is observed
either in the temperature variation of the NQR frequencies nor
other relaxation times; a possible origin might be the onset of an
additional contribution to T;q from magnetic dipole relaxation
caused by changes in the N. - .'H dipole-dipole interaction during
the hindered rotation of the NO, group; it is assumed to pass
through an un-resolved broad minimum (or set of minima) be-
tween 270 and 230 K. In this case, we estimate from Eq. (1) a mean
value 7. of 0.04 s, compared to a value of 0.18 ps for the same
quantity in PETN at 284 K [14], where the dipolar minimum is well
resolved.

The temperature variation of the *N NQR spin-spin relaxation
times T, for the three v. and three v_ transitions of the RDX ring
nitrogen atoms is presented in the Arrhenius plot of Fig. 9. Again
there are two distinct regions with a step, here to slightly higher
temperature near 280 K; above this temperature the linear fit
shown in Fig. 9 gives an activation energy of 80 k] mol~! close, gi-
ven the experimental scatter, to the 90 k] mol~! obtained from the
T1q plots. Above about 290 K we see that T, ~ T;o whereas to lower
temperature T, < T with T, tending to an almost constant value of
about 0.15 s below 270 K. The T, relaxation times were measured
from the decay of Hahn echo intensity with increasing RF pulse
spacing. In detection applications of NQR multiple pulse sequences
are often used to increase signal intensity by the summation of
rapidly refocused signals. These sequences are generally either of
the steady state free precession (SSFP) type [23], where a constant
signal level can be recalled indefinitely, or of the phase-alternated
CPMG and pulse spin-locking (PSL) [4,5] type where a train of echo
signals can be refocused for as long as the decay time allows. In this
latter case the train of echoes decays with an effective relaxation
time T,. > T, which generally increases as the RF pulse spacing de-
creases. Ty, is not a fundamental relaxation time but is a combina-
tion of T, and T since the echoes are a mixture of Hahn (or direct)
and stimulated echoes which introduce the T;q contribution to Ts,.
In Fig. 10 the temperature variation of T,, for the v, and v_ transi-
tions of the RDX ring nitrogen atoms is compared with that of Tyq
and T, (T, was measured with a 2 ms refocusing pulse spacing).
To low temperature Tyq> T2 >T> and from near 260 to 305K
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Fig. 10. Comparison of the temperature variation of T;q, T> and T, for all six v, and
v_ N NQR transitions of the RDX ring nitrogens. A colour plot is available in the
web version of this article.
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Fig. 11. The temperature variation of the Av;;; (FWHH) for the three v. 14N NQR
transitions of the RDX ring nitrogens. The natural line width Avy;=1/(nT,)
obtained from the data of Fig. 9 is also plotted -O-. The lines are smoothed
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T, = T1o Within experimental error. We only have T, values up to
305K but all three relaxation times appear to become equal and
show the same temperature variation from about 290 K upwards,
implying that all three are governed by the same activation energy
of around 90 k] mol~! in this temperature range. The plot also
shows that as the temperature gets lower where T4 is long and
T, > T, the use of multiple pulse echo sequences for signal
enhancement becomes advantageous but to higher temperature
where Tiq is short and T, = Tyq then steady state free precession
(SSFP) sequences are more appropriate.

We have also studied the line widths of the *N NQR lines of the
RDX ring nitrogen atoms. In general NQR line widths are domi-
nated by inhomogeneous broadening and hence vary with the nat-
ure of the sample depending on factors such as purity and
crystallite size. A careful study of the line shape of the 5192 kHz
v, line of RDX in PE4 at room temperature shows that it can be fit-
ted to a Lorentzian function with a full width at half height Av;, of
181.3 Hz. A separate measurement of the signal exponential decay
time extracted from the FID signal using the Matrix Pencil tech-
nique [24] shows that T; = 1.755 ms which gives the same value
for the Lorentzian line width using Av,,, = 1/(nT;). The tempera-
ture variation of Avy; for the three v, and three v_ 14N NQR lines
of the RDX ring nitrogen atoms is shown in Figs. 11 and 12 in com-
parison to a plot of the natural width calculated as 1/(nT,) using
the data of Fig. 9; smoothed power law interpolations to the data
points are also plotted. Within the experimental scatter all the ob-
served line widths show little dependence on temperature from
230 up to about 305 K. Since the observed line shape function is
a convolution of the inhomogeneous broadening function, gov-
erned by T, and the natural broadening function, governed by T,
[25], we assume that in this temperature range the line width is
dominated by the former, the natural line width being very nar-
row. However above 305K the observed line width begins to
broaden before dramatically increasing above 320 K as the natural
line width becomes dominant due to the rapid decrease in T,. The
relative temperature variation of T; and T for the ring nitrogen v.
lines is compared in Fig. 13, where T; was calculated from the Avy,
, data of Fig. 11 using T; = 1/(mAv;,2). We assume both contribu-
tions to the observed line shape are Lorentzian and write

Temperature [°C]
40 30 20 10 0 10 20 30 40 50 60 70

ol b Do g bl o s g s b Do s

24
22
20 - o
- ﬁ <
18 & 3458ikHz f’
16l o 3410kHz 7
s . o 3359kHz a ;: / ]
N
T 141 e fo/ 1
= 2
o 12 A
5 1.0 & Lk / 1
Z 10F ,O/. -
0.8 OQ.../..... o
06 f5- afe
04 - SRR+ 17 BN R
L /gf (“"TZ -1 ]
02 A
0.0 lewudspsbusdussubse. s A TR FOPTPIOR NOR F

230 240 250 260 270 280 290 300 310 320 330 340
Temperature [K]
Fig. 12. The temperature variation of the Av,;, (FWHH) for the three v_ 14N NQR
transitions of the RDX ring nitrogens. The natural line width Avy,=1/(nT,)

obtained from the data of Fig. 9 is also plotted -O-. The lines are smoothed
interpolations.
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Fig. 13. Comparison of the temperature variation of T}, and T for the three v, '*N
NQR transitions of the RDX ring nitrogens.

1/1; = 1/T2(lnhom) + 1/T2 (7)

Figs. 14 and 15 show the temperature dependence of 1/T5(jnhom) be-
low 320K for the three v. and v_ lines of the RDX ring nitrogen
atoms calculated from our measured T, and T (from Avy;) values
using Eq. (7). At low temperature T, is long so we can write
(1/T2gnhom))7—0 = (1/T5)7r_ and this applies until T, has decreased
to a point where it approaches (T3);_, and begins to reduce T;. Over
the temperature range of Figs. 14 and 15 we assume T, has little
influence so the linear fits shown represent the temperature depen-
dence of 1/T5(jnhom) Written as

1/ T innomy (T) = (1/T3) ;o + T (8)
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Fig. 15. The temperature dependence of 1/Ty(unom) for the three v_ lines of the RDX
ring nitrogens calculated from our measured T, and T; (from Avyj;) values.

The temperature coefficients a« of 1/To(mhom) are —0.0051 and
—0.0049 ms~'K~! for the 5192 kHz line and the 5240/5047 kHz
lines (fitted together) and —0.0037, —0.0059 and —0.0025 ms~!K~!
for the 3458, 3410 and 3359 kHz lines respectively.
Three-frequency secondary echo NQR experiments [26] on the
5047 kHz line of RDX (tentatively assigned to the N2 atom in the
crystal structure analysis) in the propellant XM39 (75% RDX) have
shown that the frequency broadening functions Aw(V,,;) and
Aw(Vi-V,y), where V,, is the maximum principal component of
the electric field gradient and V. and V,, the other two compo-
nents, consist of two terms, one correlated and the other uncorre-
lated, the former having a correlation coefficient of —10% at 300 K.
The negative sign of this coefficient could be understood if a signif-
icant contribution to Aw comes from the 2p, electrons on the ring
nitrogen atom. V,, is then likely to lie close to parallelism with the

direction of the lone pair, with the other two components V,, and
Vyy lying in the perpendicular plane, where

12 0 0
Va=np| 0 -1/2 0 9)
0 0 1

in which n is the occupation number of the 2p; orbital and p is the
electric field gradient generated by a single 2p,; electron. Any vari-
ation in V,, then has a negative correlation with that of V,, and V,,.
The finite but small value of Aw(Vy-V,,) is presumably due to the
lack of axial symmetry about the direction of V,,.

The most likely origin of the temperature dependence of
1/T>nnom) as in Eq. (8) is the change in the 2p;; electron distribution
at the ring nitrogen caused by the torsional motion of the attached
NO, group which changes the degree of n-bonding. High pressure
35CI NQR studies of 1,3,5-trichlorobenzene [27] have demonstrated
the sensitivity of the 3p, lone pair electron distribution on the chlo-
rine atom to changes in torsional frequencies and electron polarisa-
tion effects at high pressure. So it is reasonable to assume that
environmental effects at defects could also produce similar changes
in the 2p, distribution at the ring nitrogen atom which would vary
with temperature.

The temperature dependence of NQR line frequencies is known
to be governed by the averaging effects of molecular vibrations and
librations on the electric field gradient [28].The frequencies them-
selves could be detected by terahertz [11] and Fourier transform or
photoacoustic infra-red spectroscopy [10], but as yet no agreed
assignments to N-NO, torsional modes have been made; they have
been predicted to lie at 62 and 102 kHz which may correspond to
signals at 66 and 103 cm™! in the terahertz spectrum [11]. In RDX,
we assume that the maximum principal component g, of the elec-
tric field gradient of the ring '“N lies close to the direction of the
2p, orbital with the smallest value gy, parallel to the N-N bond
For simple harmonic motion the temperature variations of the
two NQR frequencies v. and v. are given [29] by the equations

(deo. /dT) = €2qQ/4h[-2(3 + m)d(0;) ,/dT — (3 — n)d(0})a, /dT
— 2nd(0),/dT]

(dow_/dT) = €2qQ/4h[~(3 + n)d(6;), /dT — 2(3 — 1)d(0;),, /dT
+21d(07) o, /T] (10)

where (62),,, (67),, and (07)),, are the mean square torsional angles
about the principal x, y, z axes. We assume that the same equations
will apply when w is replaced by Aw and the three mean torsional
amplitudes are replaced by the respective mean square distribu-
tions in the torsional angles (02),,, (03),, and (02),, at crystal defects
or impurities, since the two sets represent independent and random
processes. For small angles, these equations were evaluated assum-
ing a mean value of 5700 kHz for (e?qQ/h) and 0.61 for 1 and
neglecting the first term on the right hand side for torsional motion
about gy, The results are shown in Table 1. With this model, N1 has
the widest difference between the temperature coefficients of the
torsional angle distributions and a large difference between the
two ratios, suggesting that N1 is much more affected at crystal de-
fects than N2 and N3. The ratios in the last column should provide
an approximate estimate of the ratio of the squares of the torsional
frequency to its frequency distribution. Assuming [29] that

d(0?),/dT = k/4Am?v?I, (11)

and that the torsional frequency observed at of 62 cm™! belongs to
N2 and N3, because of the longer N-N bond length, we estimate
approximate values for the torsional frequency distributions near
defects of 49 cm™! for N2 and 5.2 cm™! for N3. Theoretical calcula-
tions on solid RDX suggest that the most likely defects are either a
molecular vacancy [30] or an edge dislocation [31]. The latter,
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Table 1

Temperature dependence of the mean square angles and distributions for the three '“N lines assuming gy, lies along the N-N bond, units are 10~ K~'. The last two columns give
the ratios of the temperature coefficients of the mean square torsional angles, 6, and 0,, to their distributions.

d{02),, /dT d(A02),, /dT d(62),/dT d(A6?) , /dT Ratio (0y) Ratio (0,)
N1 12.7 0.0854 38.3 0.0646 149 593
N2 19.6 0.0576 30.7 0.1130 339 272
N3 20.1 0.0676 326 0.0934 297 349

together with impurities such as occluded solvent, are consistent
with the similarity of the effects at N2 and N3 and the rather differ-
ent behaviour observed for N1, due to its higher effective negative
atomic charge relative to N2 and N3 [32] and the two rather short
intermolecular O---H distances of 246 and 248 pm of the attached
NO, oxygen atoms to the hydrogen atoms of neighbouring CH,
groups [2]. These intermolecular bonds might well be broken at
edge dislocations and close to impurities.

For rigid ring atoms, as assumed in the neutron crystal structure
analysis [2], the values of d(0?)/dT and d(();) should be very similar
for all three atoms, but their values in Table 1 all differ signifi-
cantly, suggesting that a significant change in the ring geometry
accompanies the torsional motion about the N-NO, bond, the most
likely of which is a change in the interplanar angle g, which is
known to vary from one phase to the next [1] and even on applica-
tion of high pressure [33]. Approximate values of the temperature
coefficients of its mean square values can be obtained by subtract-
ing the corresponding quantities in Table 1, giving values for d(5%)/
dT of 25.7 for N1, 11.1 for N2 and 12.5 for N3, all in units of
10~® K. The corresponding changes in the distributions d(Ad§?)/
dT are —0.0208 for N1, +0.0556 for N2 and +0.0258 for N3 in the
same units; in this case, the ratios of the two quantities are
N1 — 1234, N2 + 200 and N3 + 498, corresponding to the different
values measured for ¢ in the neutron crystal structure analysis
[2]. Again the unusual values of these quantities for N1 distinguish
it sharply from the other two nitrogen atoms, possibly due to the
short intermolecular contacts of the attached NO, to hydrogen
atoms on neighbouring CH; groups.

There is evidence in the literature [34] that RDX samples of dif-
ferent origins have significantly different line widths, suggesting
that the kind of analysis summarised above might provide useful
information on the stability of a sample with respect its stability
in storage and for seized samples, even its likely origin.

4. Conclusions

We have shown that most, if not all, of the temperature depen-
dencies of the "N NQR frequencies, relaxation times and line
widths of the *NO, groups in the RDX molecule in the solid phase
are governed by hindered rotation of the NO, groups about the N-
NO, bond with an activation energy close to 92 k] mol~!, together
with their torsional frequencies about the same bond. The temper-
ature dependence of the line widths of the three 3.4 and 5.2 MHz
lines between 230 and 320 K can be explained by changes in the
frequency distribution of the torsional oscillation amplitudes of
the NO, group about the N-NO, bond at crystal defects, their rel-
ative values being consistent with the latter being due mainly to
edge dislocations or impurities in the samples studied. The 'H T,
dispersion shows deep quadrupole dips at both the nitro and ring
nitrogen NQR frequencies; above 310 K, the T, values at these dips
are governed by the spin mixing time between the 'H Zeeman and
the 'H/'*N spin-spin levels.
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