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Abstract
-Hexanitro-hexaazaisowurtzitane (CL-20) was synthesized by various sources using different intermediate precursors

(TAIW, TADF and TADA). The nuclear quadrupole resonance (NQR) line widths of the samples were measured to
assess their crystal quality and the line widths are compared and correlated with sample purity and density as measured by
HPLC and air pycnometry, respectively. The results are discussed and used to predict the shock sensitivity of CL-20
based explosives.

Keywords: Nuclear quadrupole resonance, NQR, Cl-20, Hexanitro-hexaazaisowurtzitane, Synthesis, Crystal quality, 
Crystal morpholgy

1.  Introduction
The hydrodynamic hot spot model is used to explain the

difference between shock sensitive and shock insensitive
explosives. Among the major factors that influence the
shock sensitivity of explosive compounds are the quality
and particle size of the energetic crystals used to formulate
the explosive composition. The quality of a crystal is
determined by its morphology (sharp versus rounded
edges or smooth versus rough surfaces) as well the type
and quantity of defects it contains1)~3). All compounds, such
as the energetic compounds RDX, HMX and CL-20,
exhibit internal crystal defects the magnitude and type of
which depend on the manufacturing process used for syn-
thesis and recrystallization. Several recent papers4), 5) have
used nuclear quadrupole resonance (NQR) spectroscopy to
show that the crystal quality of nitramine compounds such
as RDX and HMX affect the shock sensitivity of the for-
mulated explosive. In this paper we use NQR to determine
the crystal quality of CL-20 obtained from different manu-
facturers.

Hexanitrohexaazaisowurtzitane (CL-20) is of great inter-
est to the energetic-materials community because of its
high chemical energy, high crystal density and higher oxy-
gen balance than either RDX or HMX. It has four poly-
morphs (a, b, g and ) that are stable at room temperature
and the structures and densities of each have been estab-
lished by X-ray crystallography6). The polymorph has
the highest density and thermal stability. Because of its
superior properties, -CL-20 based formulations are being
developed and evaluated for use in explosives, rocket and
gun propellants as well as slapper detonators. The main
obstacle to its use, other than its high cost, is the variabili-
ty of crystal qualities and particle size distributions of
batch-to-batch production lots. A number of studies have
been conducted to determine the impact, friction and
shock sensitivity of CL-20 relative to HMX and to identify
the parameters that affect CL-20 sensitivity7), 8).

Nuclear quadrupole resonance (NQR) is a sensitive tool
for probing the electronic environment of a quadrupolar
nucleus. Crystal imperfections such as dislocations, voids,
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stresses and impurities may affect the electric field gradi-
ent at enough quadrupolar nuclei to broaden the NQR line
in comparison to its width in a more perfect crystal. The
various types and amounts of defects found in crystals are
a direct result of the manufacturing process used to synthe-
size and re-crystallize the material. High performance liq-
uid chromatography (HPLC) can identify impurities but
cannot distinguish impurities that are embedded in the lat-
tice from those that are not. Only co-crystallized impuri-
ties will affect the NQR line width. Optical microscopy
can be used to identify and characterize crystalline defects
on the microscopic scale. The density of a crystalline
material is generally lower if it contains defects and is
often used as a measure of the relative defect concentra-
tion. But optical microscopy, HPLC and density measure-
ments are performed on milligram sample amounts and
several samples must be examined to obtain an accurate
representation of the bulk material. Crystal imperfections
also affect thermal and mechanical properties and are of
great interest to those who manufacture and use energetic
materials. The NQR line width is inherently a bulk proper-
ty and has been used to explain the thermal decomposition
of RDX9). We are exploring the use of NQR to predict a
material’s sensitivity to shock and strain.

As part of the Navy CL-20 MANTECH Program, an
effort was undertaken to determine whether the sensitivity
of neat -CL-20 to impact and friction stimuli might be
affected by changes in precursor type, crystallization
method and impurity level. CL-20 samples were prepared
by precipitation, evaporization or polymer gel crystalliza-
tion techniques. Tetraacetyldiamino hexaazaisowurzitane
(TADA), tetraacetyldiformyl hexaazaisowurzitane
(TADF) or dibenzyltetraacetyl hexaazaisowurzitane
(TAIW) was used as a precursor in the preparation of the
CL-20 samples. NQR spectroscopy was used to determine
the crystal quality of the resultant CL-20 products. The
NQR results were then correlated with the densities and
HPLC results.

2.  Experimental
Three NQR lines are associated with each crystallograph-

ic 14N site and the resonance frequencies are conventional-
ly labeled u+, u- and u0 = u+ - u-. The nitro nitrogen NQR
frequencies of CL-20 have not been reported but are
expected to lie below 1000 kHz. The tuning range of our
NQR probe was 1000 kHz to 6000 kHz and this precluded
a study of the nitro nitrogen NQR line widths. The amine
nitrogen frequencies of -CL-20 have been reported else-
where10) and are in the regions 5000 kHz – 5500 kHz (u+),
3300 kHz – 4000 kHz (u-) and 1400 kHz – 1800 kHz (u0).
The signal-to-noise ratio is roughly proportional to u3/2 and
this favors the u+ amine lines for highest sensitivity. The
NQR line at 5242 kHz was chosen for line width compar-
isons because it was the narrowest + line that was not
part of a doublet and was also free from RF interference.
No explosive compositions were available for NQR mea-
surement.
All NQR measurements were performed at room tempera-

ture at the US Naval Surface Warfare Center Indian Head

Division (NSWC-IH) with a pulse spectrometer that was
designed and constructed at the US Naval Research
Laboratory (NRL). The radio frequency field in the 20 ml
sample coil was such that the free induction decay (FID)
signal from a single pulse applied at thermal equilibrium
was largest when the pulse width was 70 µs. The NQR line
widths of -CL-20 were measured with a spin-locked
spin-echo (SLSE) pulse sequence11) in which the pulse
interval in the pulse train was 1.0 ms. Scans were repeated
64 – 512 times at intervals of 1 s or 2 s, which proved ade-
quate for detecting the CL-20 lines. (The spin-lattice relax-
ation times for the n+ and n- lines of -CL-20 were mea-
sured and range from 2 s to 8 s.) The decay times of the
SLSE echo envelope under these conditions are longer than
1 s in -CL-20 and coherent echo addition is quite effec-
tive at improving the detectability of the CL-20 NQR lines.

Sample amounts ranged from 1 g to 10 g and the samples
were stored in the laboratory for several hours prior to the
NQR measurements to ensure thermal equilibration. Each
line width measurement lasted from 1 minute to 10 min-
utes and the temperature indicated by a digital thermome-
ter placed near the probe was generally stable to within
less than 0.2 ˚C during each measurement. Our peak-fit-
ting program reported errors ranging from 0.5 % to 3 %
for individual line width measurements but repeated mea-
surements for a given CL-20 sample yielded values that
varied by 10 % due to temperature fluctuations. We
assign the larger uncertainty of 10 % to all of our line
width values.

A Millennium base Waters HPLC system coupled with a
Waters 490 E programmable multi-wavelength UV detec-
tor was used for the chemical analysis of the CL-20 sam-
ples. 4.6 mm 250 mm Waters Symmetry C-18 (5 µm) or
Phenomenon Luna C-18 (5 µm) analytical columns were
used for those measurements. CL-20 polymorph composi-
tions were determined by FTIR. Densities were obtained
with a Micrometrics AccuPyc 1330 Helium gas displace-
ment pycnometer.

3.  Result and discussion
Data from ten CL-20 samples obtained from five domestic

and one foreign source are given in Table 1. FTIR analysis
determined that only the epsilon polymorph was present in
all of the samples. The major difference between each of
the samples was in the method of synthesis and re-crystal-
lization of CL-20. Samples #1 and #8 were manufactured
on a production scale while the other eight were made in
small-scale pilot plants. Samples #6 and #7 have a median
particle size of approx. 25 µm – 30 µm as determined by
scanning electron microscopy (SEM) using software for
determining particle size distributions. The remaining eight
samples have a median particle size of approximately 150
mm as determined by Microtrac. However, SEM showed
that some of these samples contained a considerable num-
ber of agglomerates consisting of individual particles
smaller than 50 microns.

The production samples #1 and #8 differ only in precur-
sor (TADA vs. TADF) but NQR and powder Xray diffrac-
tion (XRD) results indicate that the crystal quality of #8 is
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superior to that of #1. The NQR doublet at 5207.5 kHz
shown in Fig. 1 is barely resolvable in sample #1. The
SEM photomicrographs in Fig. 2 show that the crystals
have a similar morphology but sample #1 consists of
smaller particles that have agglomerated. A previous study
showed that broadening of the NQR lines of HMX and
RDX occurs in very small particles10) and the same effect
might contribute to the broadening of the NQR lines in
sample #1. 

Samples #6 and #10 were single solvent systems crystal-
lized by proprietary processes. The resultant crystals
shown in Fig. 3 have the same morphology but those cre-
ated from the a-hydrate (#6) were considerably smaller.
When only the solvent system is changed (#2 and #3 in

Fig. 4) the crystal habit stays essentially the same with a
slight difference in particle size distribution as observed by
SEM. Similarly, NQR results show only a slight difference
in the quality of the crystals in #2 and #3. 

A comparison of XRD and NQR results for all samples
showed that NQR was capable of assigning a ranking fac-
tor to the crystal quality while XRD could only qualita-
tively differentiate crystal quality.

Figure 5 shows the dependence of the NQR line width at
5242 kHz on the total impurity level. The rather good lin-
ear fit indicates that most of the (unidentified) impurities
are in the CL-20 lattice. The deviation of the line width for
sample #6 from the fit is probably due to its small particle
size. Figure 6 shows that there is also a correlation
between sample density and NQR line width and it should
be noted that extrapolation of the linear least square fit
leads to the -CL-20 theoretical density (2.045 g cc-1) for a
line width of 0 Hz. Of course the NQR line width will
always be larger than zero even in a perfect crystal due to
thermal motion. The early production lot sample #1 is an
outlier and that could be due to its poor crystal quality as
well as its small particle size. The deviations of samples
#6 and #7 from that fit are most likely due to their small
particle sizes. In previous NQR studies on ground and un-
ground RDX samples it was found that grinding large par-
ticles to median particle sizes below approximately 15
microns caused an increase in the NQR line width. That
indicates that the smaller particles have more strain and
other imperfections in their crystal structure. However,
shock sensitivity data indicate that these additional imper-
fections have no affect on the shock sensitivity. The exact
nature of these imperfections and at what particle sizes
they start to manifest themselves in line broadening is the
subject of an ongoing study.
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Fig. 1 NQR doublet at 5207 kHz for CL-20 production 
lot samples #1 (dashed curve) and #8 (solid curve).

Sample
No.

1*

2

3

4

5

6

7

8*

9

10 

Density
(g/cc)

2.0355

2.0226

2.0280

2.0359

2.0191

2.0394

2.0430

2.0356

2.0310

2.0364

Impur.
(%)

3

4

   2.4

   0.5

5

3

1

   0.5

1

1 

Line width
(kHz)

2.21

1.95

1.71

0.82

2.45

3.5  

1.18

0.69

1.21

0.97

Precursor
type

TADF

TADF

TADF

TADF

TADF

TADF

Not given

TADA

TADA

TAIW

Crystallization
method

Crash precip

Crash precip.

Crash precip.

Crash precip.

Thermo-
reversible gel

recryst.

Proprietary (from �-hydrate)

Proprietary (evaporative)

Crash precip.

Crash precip.

Proprietary

Solvent system

EtOAc / Heptane

EtOAc /Isopropanol

EtOAc / Heptane

EtOAc / Heptane

Acrylate gel /
EtOAc /

Dichloromethane

Single solvent

Solvent / non-solvent

EtOAc / Heptane

EtOAc / Heptane

Single solvent 

Table 1 14N NQR line widths at 5242 kHz for -CL-20 from different sources. Sample numbers for production lots are 
marked with an asterisk. 
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Fig. 2 Crystal morphology of CL-20 production samples manufactured from different precursors: Sample #1, 
TADF (left) and #8, TADA (right).

Fig. 3 Crystal morphology of CL-20 samples manufactured using a single solvent but with different precursors: 
Sample #6, TADF (left) and #10, TAIW (right).

Fig. 4 Crystal morphology of CL-20 samples manufactured with the same precursor (TADF) using different 
solvent systems: Sample #2, Isopropanol (left) and #3, ETOAc / Heptane (right).
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4.  Conclusion
NQR spectroscopy has proven to be a valuable technique

for determining the relative defect densities of energetic
compounds. Many factors influence the NQR line width
and even knowing the manufacturing process used to syn-
thesize a product it may be difficult to predict which factor
will dominate. Impurities within the crystal and crystal
particle size have been shown to affect the NQR line
widths of CL-20. A correlation was found between the
density of large CL-20 particles and their NQR line
widths. This should allow us to predict on the basis of
NQR line widths which explosive compositions containing
CL-20 manufactured by various sources will be the least
sensitive to a shock stimulus. We are currently determin-
ing the NQR line widths of CL-20 formulations for which
shock sensitivities will be measured and any correlations
will be reported.
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Fig. 5 CL-20 NQR line width at 5242 kHz versus impurity
concentration from Table 1. Also shown is the 
linear least squares fit of the solid data points.
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Fig. 6 CL-20 NQR line width at 5242 kHz versus density 
from Table 1. Also shown is the linear least squares 
fit of the solid data points.


