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Abstract: o-CL-20 polymorphic impurity in e-CL-20 studies have been carried out
using Dispersive Raman Spectroscopy. €-, -, a- and y-CL-20 polymorphs were
produced using crystallization methods with sample recovery from the solution
being >90%, and chemical purity of about 99%. The polymorphs prepared were
characterized using Dispersive Raman Spectroscopy over the Raman shift region
of 100-3500 cm™ using a 514 nm argon ion laser. The experimental studies were
supported by ab initio computations performed at B3LYP level using a 6-31+G**
basis set. The computed vibrational frequencies of the CL-20 conformers
correspond to the €, B and a or y-CL-20 polymorphs when compared with the
observed frequencies. a-CL-20 shows a distinct feature at 280 cm™ as compared
with those of the e-CL-20 polymorph. Using Dispersive Raman Spectroscopy,
a linear relationship was demonstrated for the absolute peak height and absolute
peak area ratio of a-CL-20 versus the weight percent of a-CL-20. This method
enables a detection limit of this polymorphic impurity down to 2 wt%.

Keywords: CL-20, polymorphs, a-CL-20 impurity, Dispersive Raman

Spectroscopy

Introduction

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) is one
of the most promising candidates for explosive and propellant formulations,
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as it exhibits higher oxygen balance, density and heat of formation than RDX
and HMX, the conventional energetic nitramines. It was first prepared by
Neilsen et al. [1] and later the explosive performance of e-CL-20 was found to
be approximately 14% higher than that of HMX [2]. The basic skeleton of the
CL-20 molecule (Figure 1) is a rigid isowurtzitane cage that contains two five
membered rings and a six membered ring. The presence of six nitro groups on
each bridging nitrogen atom along with the cage strain in the CL-20 molecule
facilitates the rapid release of high energy. Due to both the spatial orientation
of the nitro groups in the CL-20 molecule relative to the five and six membered
rings of the cage, and the differences of the packing arrangements in the crystal
lattice, CL-20 has been reported to exist in five different polymorphic forms. Four
of them, the €, B, a, and y are stable at ambient conditions and can be isolated by
crystallization and one ({) exists only at high pressure [3-6]. Further, systematic
studies on the pressure and temperature dependency of CL-20 phase stability,
relating particularly to the e- and y- phases have been reported by Jared Gump
[7], and to the crystallographic parameters of {-CL-20 by Millar et al. [8]. The
molecular structures of the €-, -, a-, y- and {-CL-20 polymorphs are as shown
in Figure 2. The crystal habits of all of the polymorphic forms of CL-20 under
ambient conditions have been reported [5, 9] on the basis of scanning electron
microscopic studies. e-CL-20 is the phase of interest because of'its highest density
(2.044 g/cc) as compared to the other polymorphic forms [1, 2]. Furthermore, the
higher density materials show a higher rate of detonation and maintain greater
stability towards shock. Hence, the characterization of different crystal phases
and the quality of energetic materials are the most important factors in view
of the performance and sensitivity behavior of a particular material [10-12].
It is well-known that the material purity, particularly the polymorphic purity
and crystal quality (in terms of single crystal or polycrystalline habit; sharp or
rounded crystal edges; presence and absence of defects in the crystal) can greatly
influence the sensitivity of energetic crystals. Other than sensitivity behavior,
bulk density, mechanical strength, storage and handling can also be very different
for different polymorphs. It is therefore necessary to ensure polymorphic purity,
which is one of the primary measures of end-product quality.
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Figure 1. Basic skeleton of CL-20.
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Figure 2. Molecular structures of (a) &-, (b) B-, (¢c) a- or y- and
(d) ¢-CL-20 polymorphs.

The synthetic methodology as adopted worldwide for large scale production
of CL-20 always yields the low density a-CL-20 as the final product. Agencies
producing this material thus have also developed large scale crystallization
methodologies [13, 14] for conversion of this low density a-CL-20 to the
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desired high density e-CL-20 phase. However, the crystallization process is
highly sensitive to moisture and thus susceptible to producing measurable
amounts of the hydrated, low density a-CL-20 phase along with &-CL-20.
Hence, the quantification of a-CL-20 impurity in e-CL-20 is of high importance
in the industrial production scale. To determine this polymorphic impurity,
analytical techniques, mainly, spectroscopic techniques are an attractive choice.
In particular, the use of vibrational spectroscopy, such as Fourier transform
infrared (FTIR) and Raman spectroscopic techniques have been shown to be
of considerable help in the characterization and identification of explosive
materials based on their molecular properties and spectroscopic signatures. The
vibrational pattern obtained via both FTIR and Raman spectroscopy for the CL-20
polymorphs are reported in the literature [15-20]. Using FTIR spectroscopy,
NATO reported the upper detection limit of polymeric purity as up to 95% of
€-CL-20 [21]. This is due to substantial overlapping between the intense IR
spectral peaks of the different polymorphic forms of CL-20 [22, 23]. Later,
Gorb et al. [24] developed quantification of - and y-CL-20 phases down to 10%
and 2% (w/w), respectively, in the e-CL-20 phase, using FT-Raman spectroscopy.
However, to the best of our knowledge, there is no literature report available for
the quantification of a-CL-20 present in the bulk of the e-CL-20 phase using
Dispersive Raman spectroscopy.

In this work, all four polymorphic forms, namely a-, -, y- and e-CL-20
were obtained by re-crystallization in the laboratory and were examined by
Dispersive Raman spectroscopy. We have also performed ab initio computations
on the vibrational frequencies for the various conformers of CL-20, at the
B3LYP/6-31+G** level, to corroborate our experimental vibrational frequencies.
With reference to the spectral characteristics of production grade CL-20, obtained
from an external production agency, a study has been made to quantify a-CL-20
polymorph as an impurity in the bulk e-CL-20 phase. This is of great importance
for quality control at the synthetic level as well as in formulation work where one
has to ensure that no phase transformations occur during processing or storing.

Experimental

Raw CL-20 was obtained from Premier Explosive’s Laboratory, India. It
was obtained as a slurry in water, which is the usual practice for storage and
transportation of explosive materials as per safety guidelines. The wet sample
was first air dried at room temperature and then in a water-jacketed oven at
about 60 °C for several hours. The moisture content of dried CL-20 was found
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to be ~0.75-1.5% (w/w), as determined using the Karl Fisher method. The
desired polymorphs were then obtained by re-crystallization of raw CL-20. The
0-CL-20 was obtained from acetone and the -CL-20 by solvent evaporation of
a CL-20 solution in the presence of a suitable hydrocarbon non-solvent. e-CL-20
was prepared through the solvent:non-solvent precipitation method following
literatures reports [19, 20]. The y-CL-20 was isolated as the solidified material
in an intermediate step during the preparation of -CL-20, rather than via heating
the a-CL-20 to a higher temperature as reported by Foltz et al. [5], which is
possibly hazardous from a safety point of view. All of the solvents and associated
chemicals used for the processes were of analytical grade with >99% purity. The
prepared polymorphs were dried in the oven at around 50 °C for about an hour.
The dried CL-20 polymorphs were well characterized using high performance
liquid chromatography, vibrational spectroscopic and microscopic techniques.
Morphological information of the raw CL-20 sample was obtained with a Quanta
200 Scanning Electron Microscope (SEM) from FEI, The Netherlands, so as to
ascertain the exact agglomerated state at high magnification. The morphological
information of the pure polymorphs as subsequently generated was obtained by
a Leica DM2500 research grade optical microscope. The instrument used for the
vibrational spectroscopic study was a Renishaw ‘in Via Reflex’” micro Raman,
a dispersive Raman spectrophotometer hyphenated with an optical microscope.
The motorized XYZ stage of the microscope had a translation step size of 1 um
along all three axes. The spectrometer was equipped with a 300 mW, 785 nm
diode laser and a 50 mW, 514 nm air-cooled argon ion laser with the option to
select sixteen levels of laser power from 0.0001% to 100%. The spectrometer
uses an air-cooled CCD detector for scattered light acquisition. The vibrational
Raman spectra of CL-20 obtained with both of the lasers were compared, and no
significant changes in the Raman shift values were noted except for a change in
peak intensity for certain features. Considering the fact of obtaining higher peak
intensities with low wave length laser light i.e. higher Raman cross section, all
the Raman spectra were collected over 100-3500 cm! relative to the laser line
used, 514 nm. A comparatively low laser input power (~10%) was employed
to prevent possible sample damage with two scans being co-added and at 1 cm’!
resolution. Multiple acquisitions were practised while examining both the pure
polymorphs and also the standard mixtures, to yield sufficient collection intensity
with minimized background. Each polymorph was weighed accurately and the
mixtures were ground for about 10 min to ensure a high homogeneity of mixing.
To prepare a sample pellet for Raman spectroscopic measurement, about 60 mg
of sample mixture was pressed at a constant pressure (15 ton) and for about
5 min using pellet press equipment.
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Computational

Density functional molecular orbital calculations were performed using
the Gaussian 94W program [25]. Structure optimizations were done at B3LYP
level with analytical gradients, using a 6-31+G** basis set, to obtain minima
corresponding to the various CL-20 conformers, which correspond to g, P,
a and y-CL-20 polymorphs. All geometric parameters were allowed to be
optimized, and no constraints were imposed on the molecular geometry during
the optimization process. The vibrational frequencies were calculated at the
B3LYP/6-31+G** level. All computed frequencies were scaled with a uniform
scaling factor of 0.9806 [26]. Raman intensities were determined by the RAINT
program [27] using values of the Raman scattering activities obtained from
the Gaussian outputs. Subsequently, a suitable common normalization factor
was chosen for all peak intensities. The B3LYP computed frequencies and the
relative intensities of the various modes for the conformers of CL-20 were then
used to simulate the vibrational spectra. The spectra were constructed assuming
a Lorentzian line profile with a full-width, half maximum (FWHM) of 2 cm™'.

Results and Discussion

Characterization of CL-20 polymorphs

The raw CL-20 sample was used to generate the €, B, a and y-CL-20
polymorphs. Sample recovery from the solution was >90% with a chemical
purity of about 99%, as analyzed by HPLC. Figure 3 shows the scanning
electron microscope (SEM) picture of the raw CL-20. It shows a high degree of
agglomeration with a mean particle size of about 185 um. The agglomerates consist
of irregular crystal geometry, dominated by sharp-edged, diamond-shaped crystals.
Figure 4 shows the optical microscopic images of all of the four polymorphs
generated in our laboratory. &-CL-20 was prepared by the solvent-antisolvent
crystallization method from the raw CL-20. The e-CL-20 crystals obtained are free
of agglomeration with well defined morphology and mean particle size of about
120 pum, in contrast to those of raw CL-20 (Figure 4a). The crystal morphology of
€-CL-20 prepared by the precipitation method shows predominantly bi-pyramidal
shape. Similarly, a-CL-20 was obtained by the crystallization of raw CL-20 from
a saturated solution in acetone. The a-CL-20 obtained shows diamond shaped
crystals with an approximate particle size of 150 pm (Figure 4b). The morphology
of the e-CL-20 and a-CL-20 polymorphs obtained compare well with the reported
morphology [5, 9]. In contrast to the shape of the e-CL-20 and a-CL-20 crystals,
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B-CL-20 forms long needle-shaped crystals. These assume rectangular rod shapes
with very sharp, conical ends, indicating the preference for axial growth during
crystallization. The particles vary in length from 30 to 75 pm, with smaller
diameters of around 15 pm on average. Because of their needle shape, these
particles exhibit a very high aspect ratio (L/D), which mainly contributes to their
higher sensitivity towards friction and impact. By contrast, the y-CL-20 prepared
does not show any regular morphology, as shown in Figure 4d. All of the crystals
of the CL-20 polymorphs exhibit typical habits, except y-CL-20, so that they can
be distinguished without any difficulty.

Figure 3.
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Figure 4. Optical microscopic images of (a) &-, (b) a-, (¢) B- and
(d) y- CL-20 polymorphs.

Figure 5 shows the Raman spectra of the CL-20 polymorphs over the region
100-3500 cm!. The regions of 3000-3075, 1200-1650, 700-900 and 240-360 cm'*!
correspond mostly to CH stretching; CH bending and NO, stretching; bending (NO,
NNO and ONO); CNN bending and cage deformation vibrations, respectively,
are presented in Figures 6a-d. Tables 1 and 2 show the experimental frequencies
of the CL-20 polymorphs, along with the previously reported literature values,
respectively [28-29]. Ofinterest to this work are the peaks which are unique to the
different polymorphs. This makes it necessary to look at the spectra in more detail.
Since, we are particularly interested in detecting the a-CL-20 polymorphic impurity
in e-CL-20, we carefully compared the spectra of &- and a-CL-20 to find regions
where intense a-CL-20 peaks had minimal overlap with the e-CL-20 peaks. The
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first region of 3000-3075 cm! (Figure 6a), dominated by the C-H stretching bands
observed in all of the polymorphs, shows significant overlapping and hence it is very
difficult to use these features for the exclusive identification of particular polymorphs.
The main C-H stretching spectral features of the e-CL-20, a-CL-20, B-CL-20 and
v-CL-20 polymorphs occur at 3048, 3056, 3045 and 3043 cm!, respectively. The
region shown in Figure 6b, extending from 1200 to 1650 cm™, critically shows the
symmetric and asymmetric NO; stretching and CH bending vibrations. Thisregion
shows multiple peaks substantially overlapping each other for all of the phases. The
symmetric and asymmetric NO, stretching vibrations of the e-CL-20 polymorph occur
at around 1310 and 1625 cm! respectively. The CH bending vibrations as reported
by Leszczynski et. al. [29], for the e-CL-20 phase are in the range 1325 to 1350 cm.

60000 °
|
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a-CL-20
| (N—
i)
g
-CL-20
B —
._‘é"
<
y-CL20 )
e-CL-20 Jt
4000 2000 3000

Raman Shift (cm)

Figure 5. Raman spectra of a-, -, y- and &-CL-20 polymorphs in the range
100-3500 cm™.

The experimental values obtained for e-CL-20 exhibit two well separated,
strong vibrational bands at 1310 and 1336 cm™'. By contrast, the y-CL-20 phase
shows closer bands at 1310 and 1324 cm™’. The a- and B-CL-20 phases however,
show broad single bands at 1333and 1328 cm™, respectively. The region 700 to
900 cm! is populated by individual peaks of moderate intensity as well as by
strong peaks overlapping each other (Figure 6¢). Some peaks characteristic for
each polymorph are found at around 800 cm'. Strong bands at 839, 832, 846 and
819 cm! are characteristic for the a-, -, y- and e-CL-20 polymorphs, respectively.
In the 240-360 cm! region, the main spectral features with appreciable intensity
for the e-CL-20 polymorph occur at 264 and 344 cm™! (Figure 6d). €-CL-20 shows
a single Raman feature at 264 cm' in the region of 240-360 cm!, corresponding to
cage deformation, whereas this is at 280, 282 and 286 cm! respectively for a-CL-20,
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B-CL-20 and y-CL-20. The distinct feature close to 280 cm is clearly absent in
€-CL-20, whereas it is found in all of the other CL-20 polymorphs. In contrast to
a-CL-20, e-CL-20 shows a distinct feature with moderate intensity at 344 cm™.
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Figure 6. Raman spectra of a-, B-, y- and &-CL-20 in: (a) 3000-3075 cm’!

region; (b) 1200-1650 cm! region; (¢) 700-900 cm™ region and
(d) 240-360 cm! region.
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The vibrational frequencies were calculated at the B3LYP/6-31+G** level
for three conformers, corresponds to the €, f and o or y-CL-20 polymorphs, using
analytical gradients. The scaled computed frequencies are listed in Tables 1
and 2, together with the experimental values. In Figures 7 and 8, we compare the
experimental spectra with the computed synthetic spectra obtained by the scaled
computed vibrational frequencies for the CL-20 conformers, corresponding to
the ¢, B and a or y-CL-20 polymorphs. It can be seen that there is agreement
between the experimental and computed spectra. As can be seen from Tables 1
and 2 and Figures 7 and 8, Raman activity in the region of 250-300 cm™ is low
for the CL-20 conformer corresponding to the € polymorph as compared to
the other polymorphs. This observation is in agreement with the experimental
vibrational frequencies. The increased intensity in the computed features at
269 and 265 cm™! in the a- or y-CL-20 and the f-CL-20 conformers is therefore
assigned to those of the corresponding experimental feature at 280 or 286 and
282 cm’!, respectively. Inthe 750-880 cm™! region, the conformer corresponding
to the e-CL-20 polymorph shows a multiplet feature with increased intensity at
around 800 cm™ and is in agreement with those of the experimental observations
(Figures 7a and 7b). The computed spectra of the conformers studied have not
shown significant differences in the regions of C-H stretching (3100-3150 cm™)
and bending (1200-1400 cm™), as observed in the case of the experimental spectra.
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Figure 7. Comparison of computed and experimental Raman spectra for
CL-20 in the region 100-700 cm™ and 700-1700 cm™: Computed
spectra for the molecular conformers corresponds to (a) - and (c) o
or y-Cl-20 polymorphs. Experimental Raman spectra of (b) &- and
(d) a-CI-20 polymorphs.



Quantitative Analysis of a-CL-20 Polymorphic Impurity in e-CL-20 ... 433

/\\MJ\MM (d)
M_AMM ©

%LM L_,LJA fJLA_Ll'x I\ S AA'L(a)

T T T T T T T T T T T
100 200 300 40 500 600 700 700 800 900 1000 1100 1200 1300 1400 1500 1600 17
. -1 . -1
Raman Shift, cm Raman Shift, cm

Arbitrary units

Figure 8. Comparison of the synthetic and experimental Raman spectra for
CL-20 in the region 100-700 cm™ and 700-1700 cm™: Computed
spectra for the molecular conformers corresponds to (a) B- and (¢) o
or y-Cl-20 polymorphs. Experimental Raman spectra of (b) - and
(d) y-C1-20 polymorphs.

Quantitative analysis of a-CL-20 polymorphic impurity in &-CL-20

As discussed earlier, in the complete spectrum (100-3500 cm™), a distinct
feature exists at 280 cm! which is characteristic for the a-CL-20 polymorph, and by
detailed examination it is evident that it is possible to determine this polymorphic
impurity in an unknown sample of e-CL-20. Furthermore, the e-CL-20 peak at
344 cm! was selected for measuring the e-CL-20 concentration because it had
minimal overlap with the peaks of the a-form. The peak area and peak height were
employed as parameters to quantify the level of the polymorphic impurity. Using
a dispersive Raman spectrometer, a linear relationship was demonstrated for the
absolute peak area of a-CL-20 versus the weight percent of a-CL-20. Mixtures
containing 0-CL-20 in the proportions of 1-8 wt% were prepared by weighing out
the proper amounts of each polymorph (a- and e-CL-20). The Raman shifts of these
mixtures were then recorded. Figure 9 shows the Raman spectra for mixtures of
the polymorphs with different weight percentages of a-CL-20=2.082,4.072, 6.063
and 7.996 wt% covering the spectral region 240-360 cm™'. The most pronounced
feature is the increasing intensity of the a-CL-20 peak at 280 cm™'. The mixture
containing 0.998 wt% (~1%) of the a-phase however, does not show detectable
Raman scattering intensity at 280 cm™ above the baseline. Sample preparation for
quantitative analysis is very critical, as one has to maintain a particle size comparable
to the laser spot size (~0.8 pm at the focal point for a 20x objective) and homogeneity
of mixing as far as physical mixing of two solids is concerned. In order to reduce
the in-homogeneity of the sample mixture, we repeatedly pressed the powder under
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apressure of up to 15 tons using a pellet die and then re-crushed each disc. A pressed
disc was finally used for analysis. A line scan through a 100 um length over the
surface of the pressed pellet of the standard mixtures, with a step size of 5 um,
was preferred, and thus a total of twenty one spectras were collected per mixture.
Averaging of these twenty one spectra yielded an almost true representative spectrum
for the inhomogeneous solid mixtures. Both the peak height and the peak area were
employed as parameters to quantify the polymorphic impurity level. The ratio of
the peak areas and peak heights at 280 and 344 cm™ for each mixture were plotted
against the corresponding wt% a-CL-20 polymorph as shown in Figures 10 and 11,
respectively. A good linearity was observed in both the plots. The study thus could
establish the lower detection limit of the a-CL-20 phase present in e-CL-20 is about
2 wt% using Dispersive Raman Spectroscopy.

Arbitrary units
FERREERREREBREEE

Raman Shift (cm)

Figure 9. Overlay profile of the averaged spectra in 240-360 cm™! of 2-8 wt%
of a-CL-20 in the mixtures.
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Figure 10. Plot of peak area ratios against the corresponding wt% a-CL-20 in
the mixtures.
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Figure 11. Plot of peak height ratios against the corresponding wt% a-CL-20
in the mixtures.

Conclusions

€-, B-, a- and y-CL-20 polymorphs were produced using crystallization
methods, with the sample recovery from the solution being >90% and chemical
purity of about 99%. The computed vibrational frequencies of the CL-20
conformers corresponded to the €, f and a or y-CL-20 polymorphs by comparison
with the observed frequencies. a-CL-20 shows a distinct feature at 280 cm™ as
compared with those of e-CL-20 polymorph. This observation was in agreement
with those of the computational results. Furthermore, the e-CL-20 peak at
344 cm! was selected as a distinct feature of the e-CL-20 polymorph because it
had a minimal overlap with the peaks of the a-CL-20 form. Using Dispersive
Raman Spectroscopy, a linear relationship was demonstrated for the absolute
peak height and absolute peak area ratio of a-CL-20 versus the weight percent of
a-CL-20. This method enables detection of the a-CL-20 polymorphic impurity
down to 2 wt%.
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