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Abstract

Composite microcrystals of the cyclic nitramines 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (e-CL-20),
1,3,5-trinitro-1,3,5-triazinane(RDX), 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (f-HMX), and cis-1,3,4,6-tetranitrooctahydro-
imidazo-[4,5-d]imidazole (BCHMX) with polyaniline (PANi) have been prepared and thoroughly characterized in terms of
morphology and phase purity. PANi outperformed other conducting polymers in terms of selectivity towards NAs due to
its better interaction with NAs, low production cost, and ease of preparation. The bonding of nitramines with the polymeric
PANI chain has been examined by means of Fourier transform infrared (FTIR), Raman spectroscopy methods, and fluo-
rescence quenching; the Raman spectrum has shown the laser sensitivity of these microcrystals. Powder X-ray diffraction
results have shown changes in polymorph modifications in CL20 (from ¢ to ) and HMX (from f to o) during the preparation
of the composites, which have also been confirmed by spectral and differential thermal analysis techniques. The structural
orientations found in these composites significantly stabilize nitramines against impact; their detonation properties have
slightly deteriorated, but the PANi electrical conductivity has strongly increased their electric-spark sensitivity. The above
properties of the prepared composites determine their potential use mainly as parts of the electric or laser impulse initiators,
having “a green character”, for various charges.
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1 Introduction

It is a well-known fact that the sensitivity of energetic mate-
rials usually increases with their performance [1, 2] (specifi-
cally with their energy content [3, 4]). Therefore, crystalline
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high-energy-content materials (HEMs), such as nitramines,
need to be desensitized before being filled into the objects
of their final use. For this purpose, it is suitable to use not
only various methods of modifying the shape and grain size
of these HEMs (for example [5, 6]), especially the coating
of their crystals with suitable polymers (for the history and
new trends, see [7]), which significantly increases the safety
of handling during filling and application processes.

The electrically conductive polyaniline (PANi) [8] stands
somewhat aside when it comes to the above-mentioned poly-
mer applications. It has been tested successfully to reduce
the risk of ignition caused by electrostatic-discharge (ESD)
hazard in the processing and handling of 1,3,5,7-tetranitro-
1,3,5,7-tetrazocane (HMX) and pentaerythritol tetranitrate
(PETN) in the amount of 5 wt.% in a mechanical mixture
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(the authors have measured the specific volume resistance of
these mixtures) [9]. Effective desensitization of nano-ther-
mite to mechanical and electrical stimuli by the application
of a coating of 1-5 wt.% of PANi to nanoparticles of this
energetic mixture [10].

Polyaniline was chosen because of its permanent con-
ductivity and stability and, above all, because of its eco-
nomic and technical availability. Other conductive polymers
do not match the availability and stability of PANi. Other
conducting polymers, like polyfuran, polypyrrole, and poly-
phenylene vinylene, are relatively stable under certain condi-
tions but can degrade over time and, at the same time, are
not cost-effective [11]. Researchers have evaluated graphene
oxide, which is also used as an additive in composite for-
mulations, only in terms of its influence on the sensitivity
to impact and friction [12-14], not to electrical spark. This
oxide might be as effective as PANi, which outperforms this
oxide by better interaction with NAs and the aforementioned
ease of preparation and cost advantage.

As shown by recent studies, PANi also has fluorescence
properties [8, 15—18] (it acts as a fluorophore—see the
“fluorescence study” section). It also forms charge-transfer
complexes with polynitro compounds, in which it acts as a
fluorescent sensor, with application in the quick trace spec-
trochemical detection of explosives [15—18]. The structure
of the mentioned complexes of nitramines with PANi (see
Scheme 1) [15, 16] indicates that they might have a ben-
eficial effect on the reduction of the initiation reactivity
of these polynitro compounds. Therefore, this possibility
is investigated in this paper, taking into account the most
attractive cyclic nitramines 1,3,5-trinitro-1,3,5-triazinane
(RDX), -1,3,5,7-tetranitro-1,3,5,7-tetrazocane (3-HMX), -
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(e-CL-20), and cis-1,3,4,6-tetranitrooctahydroimidazo-[4,5-
d]imidazole (BCHMX or bicyclo-HMX).

The study also focuses on the verification of the feasibil-
ity of the co-agglomeration method (sludge cocrystallization
method) [6, 19-22] for the preparation of mixed crystals
(composites) of attractive nitramines with non-explosive
PANi-polymer. Using spectroscopic methods (Raman,
FTIR, and, newly, fluorescence), attention is focused on the
specific relationships between the molecular structure and
the initiation reactivity of these composites; most of these
relationships have novelty and are potentially helpful for
computational chemists too. In relation to this reactivity, the
study of the explosive and stability properties of nitramine/
PANi complexes is also the main subject of this research,
with an estimation of the possibility of their practical use as
explosive fillings for various military and civilian objects.
Especially the latter area could be prospectively related to
the development of “green primers” for electric detonators
and airbag initiators, i.e., replacement of environmentally
undesirable lead salts of 2,4,6-trinitroresorcinol, picraminic
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acid (2-amino-4,6-dinitrophenol), and azoimide, used in
them so far.

2 Materials and methods
2.1 Nitramines (NAs) and polyaniline (PANi)

£-2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (¢-CL-20) was procured from the
Explosia Co. pilot plant in Pardubice; it was purified by ethyl
acetate/n-heptane employing the solvent/antisolvent crystal-
lization method. 1,3,5-trinitro-1,3,5-triazinane (RDX) was
a product of the former Chemko Co. in Strazske (Slova-
kia), whereas cis-1,3,4,6-tetranitrooctahydroimidazo-[4,5-d]
imidazole (BCHMX or bicyclo-HMX) was prepared at the
Institute of Energetic Materials (IEM) according to a pro-
tected method [23]. a-1,3,5,7-tetranitro-1,3,5,7-tetrazocane
(a-HMX) was obtained by precipitation of a larger volume
of the f-HMX solution in dimethyl sulfoxide—methanol (1:1)
by a water—methanol mixture (1:1). Technical polyaniline
was prepared at the IEM [15, 16]. Nitramines (NAs) were
desensitized by introducing 16-20 wt.% of PANi.

2.2 The preparation of co-agglomerated
composites (CACs)

Polyaniline composite crystals with attractive nitramines
(NAs/PANi) were mainly produced by a two-step proce-
dure (i.e., by co-precipitation followed by an attempt to co-
agglomerate these co-precipitates [19]), in which 4 g of the
respective nitramine (separately HMX, BCHMX, CL20 or
RDX) were dissolved together with 1 g of PANi in DMSO.
After a clear solution was obtained, it was co-precipitated
by pouring into vigorously stirred water. The co-precipitates
obtained were filtered and dried and then placed into 30 ml
of chloroform (continuous phase), and the resulting suspen-
sion was allowed to boil gently with continuous stirring for
4 h. The NAs/PANi obtained were filtered and dried. They
were coded as 57 CL20/PANi, 58 HMX/PANi, 59 BCHMX/
PANi and 60 RDX/PAN:Ii. Furthermore, these CACs were
characterized thoroughly in terms of morphology and phase
purity.

3 Experimental part

3.1 Powder X-ray diffraction (PXRD) studies

The peak intensities at 26 values have been obtained using
the PXRD technique. They are summarized in Table 1
and documented by the PXRD diffractograms in Fig. 1
(for all diffractogram peaks, see Fig. S3 and Table S1 in
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Scheme 1 A schematic representation of polyaniline composite
crystals; the binding of attractive nitramines with the PANi chain to
form complexes with the charge transfer (for the sake of continuity

Supplementary Information). The nitramines (NAs) with
PANi undergo co-agglomeration—binding to the PANi
polymer chain (Scheme 1). The changes associated with it
are clearly observable in PXRD diffractograms. The NAs act
there as Lewis acids with electron-withdrawing groups, eas-
ily binding electrons from the PANi chain (Scheme 1). This
stabilizes the polymeric PANi-NA chain. The achievement
of this compactness in the polymeric chain is accompanied
by the following polymorphic changes of some nitramines:
e-CL20 is converted into its -modification with the for-
mation of the f-CL20/PANi composite, whereas -HMX is
transformed in its polymorphic a-modification, in which it
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in works codenamed CACs) between the NA and PANi molecules of
the contact surfaces of these two co-formers—recreated from a previ-
ously reported work [15]

is stabilized in the corresponding a-HMX/PANi composite
crystals. In earlier papers, HMX was stabilized in its co-
agglomerated crystals (CACs) with polynitro arenes [19, 20]
and polynitramines [6] in the form of their 6-modification.
In co-crystals with polynitro compounds, CL20 is present
mostly in its p-polymorph [24]. On the other hand, in co-
crystals with non-nitrate compounds, it enters into the co-
crystal lattice in its y-modification. In this sense, PANi
seems to be an exception—as the nitro group free polymer
(with a very low nitrogen content), has initiated the forma-
tion of B-CL20 not only in the polymeric PANi-NA chain
(see more details in the “Discussion” section).
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Table 1 PXRD data for pure nitramines and CACs

Sr no Code design 26 values for intense peaks (%)
1 e-CL-20 14.30, 30.10, 42.98

2 B-CL-20 12.66, 13.86, 30.34

3 BCHMX 9.74, 12.65, 23.57

4 p-HMX 14.61, 16.31, 24.45, 25.07, 32.31
5 8-HMX 13.10, 17.02, 24.34

6 RDX 9.73,12.65, 23.59

7 PANI 20.50, 25.44

7 57 CL20/PANi 11.98, 13.66, 20.06, 27.88

8 58 HMX/PANIi 20.52, 27.20, 29.66, 31.94

9 59 BCHMX/PANi 9.98,12.92, 16.18, 23.84

10 60 RDX/PANi 13.00, 17.28, 20.30, 29.22

Complete diffractograms of minor peaks at 26 values of the CACs
are shown in Supplementary Information Table S1
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Fig.1 PXRD diffractograms of the composites (CACs) 57 CL20/
PANi, 58HMX/PANi, 59 BCHMX/PANi and 60 RDX/PANi
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Fig.1 (continued)

These changes in modifications are evaluated below using
DTA, where endothermic changes are matched with PXRD
data. Nitramines have been shown to form complexes with
PANi with polycrystalline microparticles in a different way
than in classic co-crystal formation (in terms of intermo-
lecular interactions); therefore, they may be referred to as
PANi doped with NAs. More broadly, labeled them here as
NA-PANi composites. As shown in morphology and FTIR
examinations and illustrated by Scheme 2, two major kinds
of these composite crystals are formed.

3.2 Morphology and particle-size analysis

The morphological changes in nitramine crystals after
binding with the polymeric chain of PANi were analyzed
employing FESEM analysis. The FESEM results obtained
are reported in Fig. 2a—h (for pure PANi SEM images, see
Supplementary Information Fig. S1). The structures of the
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Scheme 2 A schematic representation of two kinds of CACs. a The
nitramine center-core crystals surrounded by PANi and superficially
coated with PANi, the latter of which have made the edges of nit-
ramine CACs smoother (rounded); b both of these partial schemes
with the indicated action of heat (during DTA measurements) and
electron (during electric-spark sensitivity measurements) transfer to
the composites

(b)

CACs of CL20 and BCMHX resembled smoother spherical
peanuts, whereas the CACs of HMX and BCHMX appeared
in the form of different smoother-surface irregular sticks
resembling crystals. The smoother surface is common in all
NASs/PAN;i; it shows that the crystals have been coated with
PANI, which has smoothed the crystal edges. This indicates

the possible formation of core-centered complexes with
PANi. These smoother surfaces can be effectively influenced
in impact sensitivity tests; they have made nitramines in
CAC:s withstand higher drop energy (see Table 8). Overall,
this shows that PANi has acted as an effective phlegmatizer
for selected attractive nitramines (the effects of phlegmati-
zation are shown in Scheme 2). Also because of this core-
centered crystal effect, the densities of CACs are maintained
(see Table 7).

In addition to morphology, it is very important to analyze
particle size and NA/PANi-specific surface areas (see sec-
tion S2.7 in the Supplementary Information for details on the
instruments). As can be seen from Table 1, the co-agglom-
eration of NA/PANi co-precipitates in chloroform leads to
the largest increase in specific particle surface area for RDX/
PANI and B-HMX/PANi composites. RDX nanoparticles are
known to have the greatest propensity to self-agglomeration
[25]. This agglomeration is relatively small for 3-CL20 and
a-HMX analogs; for BCHMX/PAN.L, it is rather milling than
agglomeration. Together with the surface morphology, these
parameters also help NAs/PANIi resist higher droplet energy
(see the sensitivity discussion for more details).

3.3 Differential thermal analysis (DTA)

The thermal stability of the composites prepared was evalu-
ated employing the DTA 550 Ex apparatus (like in papers
[6, 19]—OZM Research, Czech Republic; for instrumental
details, see section S2.5 in the Supplementary Informa-
tion.). The thermograms obtained are shown in Fig. 3, and
the results are summarized in Table 2. PANi decomposes
at 600 °C, which is not important here; the main focus is
on the thermal stability of its composites. Figure 3 shows

Fig.2 FESEM images of the composites a and b, 57CL20/PANi; ¢ and d, 58 HMX/PAN;; e and f, 59 BCHMX/PANi; and g and h, 60 RDX/PANi
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Table 2 Particle-size measurements

Sr no Code design Surface area (mz/kg) Dv(10) uM Dv(50) uM Dv(90) uM
1 57p CL20/PANi 1740.00 1.59 6.89 25.60
2 57 CL20/PANi 1764.00 1.76 6.79 40.50
3 58p HMX/PANIi 724.50 4.11 18.21 51.20
4 58 HMX/PANi 788.61 3.89 18.70 80.60
5 59p BCHMX/PANi 1318.00 1.94 7.68 28.10
6 59 BCHMX/PANi  1233.01 2.06 8.35 40.10
7 60p RDX/PANi 774.50 4.07 15.60 83.80
8 60 RDX/PANi 1126.01 2.80 9.66 40.40

9

The samples with “p” are those obtained from the first step of co-agglomeration, i.e., co-precipitates

that the onsets of the CAC thermal decomposition are in
all cases lower than those of pure NAs. Logically, the peak
temperatures of their exothermic decomposition are slightly
decreased as well (see Table 3). The decrease in the ther-
mal stability of the composites in comparison with pure nit-
ramines may be caused by the mechanism of their interac-
tion with the building units of the PANi chain, as shown in
Scheme 1. The indicated mode of interaction should facili-
tate the homolysis of the N—N bond. In addition, the chain
contains hydrogen-sulfate, i.e., acidic, anions. The intensity
of the interaction in the composite is so high that exothermic
decomposition appears in the original thermal range of the
CL20 polymorphic transition. Similarly, in a composite with
HMX, the decomposition also starts in the region of its «—9
transition. It is evident from Fig. 3 that RDX, bonded on
the PANI chain, begins to decompose in a solid state of this
complex, which is a big difference from the thermolysis of
its CACs with polynitro compounds [6, 19, 20].

3.4 FTIR spectral studies

For the confirmation of the intermolecular interactions
between PANi and nitramines, spectral studies were
employed, with FTIR showing some interesting results.
The Nicolet Protege 460 FTIR spectrometer was utilized to
record the IR spectral measurements of the samples using
the transmission technique. The spectra obtained are shown
in Fig. S5 in the Supplementary Information, and charac-
teristic peak shifts at the wavelengths are summarized in
Table 4. These spectra are sufficient for the identification of
peak shifts with clear separations. The spectra have shown
absorption peaks in the wavelength region, i.e., 1480 +20
and 1565 +20 cm™!, which are characteristic of the stretch-
ing vibrations of C=C quinoid and benzenoid rings, respec-
tively. Similarly, the peak lengths of polarons and quinoids
indicate the presence of polaron and bipolaron in different
ratios in the polymer chain [26] (based on the peak lengths,

Table 3 Summarized data from DTA thermograms of co-formers and CACs with visible melting points

Samples Melting point (°C) [ref.] Peaks of changes in DTA record, °C (change of modification)
Endothermic Exothermic

e-CL-20 240 decompn [20] 170.01 (e—y) 225.01 (y-9)

o-CL-20? 240 decompn [20] 175.00 (o—y) 225.01 (y-9)

BCHMX 286 decompn [20] 224.00

a-HMX 189.60 (a-3) 272.00

RDX 209.01 215.01

PANi NA 155.78, 243.25, 246.90, 251.36

57 CL20/PANi NA 218.92

58 HMX/PANi 179.40 (B-5) 265.95

59 BCHMX/PANi NA 218.53

60 RDX/PANi NA 199.19, 217.56

In this hemihydrate between 90 and 105 °C, there is a very weak, elongated endotherm of crystal-water evaporation

@ Springer
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Fig.3 DTA thermograms of the composite crystals 57 CL20/PANi,
58 HMX/PANi, 59 BCHMX/PAN, and 60 RDX/PANi

it is possible to determine the ratios of polarons and bipo-
larons). If this ratio is equal to one, there is an equilibrium
between them; if not, there is no equilibrium. In this study,
there is no equilibrium between them. This means that there
is a form of the emeraldine salt of PANi [15] that will further
strongly influence the sensitivity to the electric spark (see
the discussion of the energy aspect).

Having undergone co-agglomeration, individual nit-
ramines show different blue shifts; in CL20, due to its molec-
ular crowdedness (slight repulsion with rings of the PANi
chain), there might be only its partial interaction with PANi
and thus some surplus amount of free $-CL20 in the mixture.
On the other hand, electrostatic attraction with short contacts
in the other nitramines causes bond elongation within the
polymeric chain, resulting in a red shift. These observations
clearly indicate that the addition of nitramines will be fol-
lowed by a rapid transition process in both rings (benzenoid
and quinoid in PANi). This further affects the formation of
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Fig.3 (continued)

the NA-PANi complex with an electron-transfer mecha-
nism (Scheme 1). Moreover, there are significant changes
in the C-N stretching of both primary and secondary aro-
matic amine groups as well as in bipolaronic B-NH**-B
peaks. In addition, the nitramines exhibit significant —NO,
stretching vibrations. From DTA and PXRD data, it is com-
monly known that CL20 changes its polymorphic form ¢ to
f-form, which sits in the polymeric chain more conveniently.
However, 3-CL20/PANi might exhibit a low amount of the
unbound pure nitramine also in this composite. Except for
this, RDX and BCHMX have shown good compatibility with
PANi. The peak observed at 675+20 cm™! corresponds to
the bending vibration of the HSO,~ group [27], which has
been further confirmed by the Raman spectrum.

3.5 Raman spectral studies

Raman spectra were measured by a Thermo Scientific™
DXR3 Raman Microscope, employing an excitation laser

@ Springer
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Table4 Summarized results of

Assignments PANi 57 CL20/PANi 58 HMX/PANi 59 BC/PANi 60 RDX/
FTIR measurements PANi

N=Q=N quinonoid (Q) unit 1563 1594 1525 1552 1568
stretching

N-B-N benzenoid (B) unit 1480 1490 1459 1471 1458
stretching

(C-N) stretching of secondary 1290 1250 1259 1270 1262
aromatic amine

(C-N) stretching of primary 1237 1227 1236 1207 1231
aromatic amine

Q=NH+-B or B-NH +¢-B 1032 1093 1085 1084 1037

Gamma (C-H) (1,4-disubstituted 879 874 871 860 880
unit)/Q unit deformation

HSO,;—S0,*" 696 687 657 654 671

Symmetric — NO, stretching NA 1250 1259 1270 1262

Asymmetric — NO, stretching NA 1553 1525 1529 1529

C-N stretching [amino group] NA 762 771 774 752

C-N stretching [nitro group] NA 1325 1324 1355 1349

Skeletal stretching [ring] NA 1163, 1093 1137, 1085 1135, 1084 1131, 1037

N-O symmetric stretching NA 1251 1260 1272 1261

source (the wavelength of 785 nm and the power of 29 mV),
ax 10/0.25 objective, and the grating of 400 lines/mm (3378
to 49 cm™!). The measured spectra are attached in Supple-
mentary Information Fig. S4, and characteristic peak shifts
are summarized in Table 2. However, the pure PANi and its
composites are highly sensitive to laser power above 29 mV
with x 10/0.25 grating (for more instrumental specifications,
see the Supplementary Information section S2.8). If this
laser power is exceeded, the Raman spectrum shows mainly
two peaks, namely polaronic charge carriers (— C-N-+) and
the — C =C stretching vibration of the semiquinoid ring [15,
18]. Unlike in FTIR, the Raman spectrum shows polaron
interaction [15]. The current study focuses on the measured
interactions between the nitramines and the PANi chain.
Therefore, we have taken lower spectral laser peaks with
optimal peak separation. The appearance of the small peak
at 185+ 10 indicates the presence of PANi in emeraldine
salt form II as well as the presence of the HSO, anion [27].
In both FTIR and Raman spectroscopy, this implies sulfuric
content in pure PANi as well as CACs, which is further con-
firmed by elemental analysis (see Table 7 and supplementary
information Table S2). Like in FTIR, benzenoid and quinoid
peaks show significant variations, which can be seen from
the characteristic peak shifts summarized in Table 5.

3.6 Fluorescence studies
Fluorescence measurements were carried out using a PTI

Quantamaster 30 fluorometer (Horiba Scientific) as an
additional instrument to determine the influence of the

@ Springer

charge-transfer complex formation in the CACs (NAs/
PANi—see Scheme 1) on their properties. The outputs of
these measurements in the DMSO solution are presented
in Fig. 4, where the first absorption band at ca 630 nm is
probably a mixture of n—n* and n—x* transitions and the
short wavelength absorption band on the UV—Vis spectrum
at ca 330 nm corresponds to the m—n* transition of the PANi
macromolecule [15-21, 26-29]. The maximum on the fluo-
rescence excitation spectrum for PAN:i is shifted bathochro-
mically about 25 nm away from the short-wavelength
absorption band. The PANi used is a mixed oxidation-state
polymer compound of reduced benzenoid units and oxida-
tion quinoid units; the very weak fluorescence emission does
not come from the actual PANi macromolecule, but it is
caused by the presence of fewer PANi chains with reduced
benzenoid units in this polymer [8] (see the Supplementary
Information S2.12 section for details). However, the weak
fluorescence emission allowed us to determine the quan-
tum yields more or less extrapolatively in very small val-
ues. Therefore, the same was used for relative fluorescence
quantum yields (RFQY) with respect to the RDX/PAN:i yield
(which had this value the highest). Nevertheless, the applica-
tion of these RFQYs in the study of the properties of NA/
PANIi composites has yielded logical and interesting results,
as shown below.

Figure 4 clearly demonstrates that the NA-PANi com-
plex formation leads to a decrease in fluorescence, i.e., to
fluorescence quenching [15-18]. Nevertheless, there will
still be a small amount of a free moiety of PANi. Electrons
in the polymer chain will be delocalized and the NA-PANi
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Table 5 Summarized results of Raman measurements
Assignments PANi 57 CL20/PANi 58 HMX/PANi 59 BC/PANi 60 RDX/PANi
Phenazine-like crosslinking 1703 1619 1620 1620 1669
C~C stretching vibrations of the semi-quinoid unit 1592 1593 1598 1601 1591
N-H deformation in the semi-quinoid structures 1506 1504 1510 1509 1502
C~N + e stretching vibrations in highly localized polarons 1376 1378 1376 1379 1380
C~N + o stretching vibrations of the semi-quinone cation 1339 1332 1349 1339 1334

radicals in delocalized polaronic structures
C-N stretching in benzenoid and quinonoid structures 1232 1267 1267 1267 1269
C-H deformation vibration of a quinonoid unit 1169 1170 1172 1174 1169
The benzene-unit deformation in the emeraldine salt 809 805 881 850 846
Phenazine-like crosslinking 575 579 597 578 575
Out-of-plane unit deformations in the emeraldine base 413 414 413 416 414
Asymmetric — NO, stretching vibration NA 1570, 1593 1578, 1598 1567, 1597 1560, 1591
Symmetric — NO, stretching vibration NA 1285, 1267 1267, 1248 1267, 1259 1269, 1250
—NO, deformation vibration NA 841, 805 844, 806 848, 803 882, 805
—NO, wagging NA 737,718 735,719 735,715 732,715
—N—N bond stretching NA 1169 1170 1172 1171

linkage will provide easy access to external electric charges.
These are the main reasons for the electric-spark sensitivity
of CACs (see Table 8 and the discussion of sensitivity in
Fig. 10). Further structural changes have been confirmed
by relative fluorescence yield analysis (Figs. 4, 6b, 7c, 8a
and b, and 9a).

Similar behavior has also been found in the case of sam-
ples 57, 58, 59, and 60. The RFQYs related to the absorption
band at ca 330 nm are summarized in Table 6. Quantum
yield, in general, is known to decrease if a non-fluorescent
molecule is bound to a fluorescent molecule. The binding
between the NAs and PANi decreases the quantum yield,
which can be explained by the Lippart equation [28]. The
non-fluorescent compound (NA) bound to a fluorescent
material (PANi) changes the quantum yield; consequently,
the excited delocalized electrons are absorbed by NAs (via
the NA-PAN:I linkage), which causes non-radiative decay
(K,,) in the complex [28].

3.7 Thermochemical and explosive properties

The heat of combustion of pure nitramines and their PANi-
composites (more details are available in the Supplementary
Information section S2.10) was considered for the calcula-
tion of thermochemical parameters. Density was measured
experimentally using a densitometer, and the composition
of the composites was obtained from elemental analysis
(see section S2.9 in the Supplementary Information). The
enthalpy of formation was calculated using these data and
Hess’s law. The results obtained are summarized in Table 7
and graphically represented in Fig. 10.

The density of PANI is relatively low compared to the
nitramines; after PANi treatment by NAs, the composites
produced have an interesting arrangement (Scheme 3), with
crystals of relatively similar or in some cases slightly higher
density than pure nitramines (it is caused by the polymorph
transition of ¢ to f in CL20 and fp to o in HMX).

All of these data were utilized for detonation-property
calculations using the CHEETA code [30] (see section S2.3
in the Supplementary Information). Some of the mechanical
and thermal energy was collectively considered detonation
energy here. The volume of detonation products considered
up to a pressure of 1 atm determined the mechanical energy,
which is equal to the expansion work of the detonation prod-
ucts, and the thermal energy, which is the heat in the deto-
nation products under this pressure [31-33]. Other condi-
tions, a temperature of 1800 K on the isentrope beginning
at the CJ point, and the composition of detonation products
under these temperature conditions were considered for the
calculations.

Another important issue is the impact and electric-spark
sensitivity of the CACs studied; impact sensitivity was
determined by means of a standard impact tester (Julius
Peters [34] as shown in Fig. S2a in Supplementary Infor-
mation) with an exchangeable anvil, with the amount of
the tested substance being 50 mm?® and the drop hammer
used weighing 2 kg, as described in previous paper [6].
This sensitivity is expressed in the following mainly in
terms of the hammer fall energy (also drop energy, E .,
in J) for a 50% probability of initiation (detected by ear
as an explosion), but additionally, this energy can be
reported also for a 95% probability of initiation (both

@ Springer



125 Page 10 of 22

Advanced Composites and Hybrid Materials (2024) 7:125

Table 6 Relative fluorescence quantum yields of the samples under study measured in DMSO

Sample Relative quantum yield
PANi 0.57
57 CL20/PANi 0.50
58 HMX/PANIi 0.86
59 BCHMX/PANi 0.97
60 RDX/PANi 1.00

Table 7 The molecular formulas, thermochemical properties, and the maximum crystal density of pure substances and the corresponding CACs

Explosive Heat of combustion® Enthalpy of formation Crystal3density
No Code design NAs/PANi® Formula® Mol. weight O, (J.g™")  Ref AH, (kI Ref (g.cm™)
mol™!)

1 RDX C;H¢NOq 222.14 9522 [36] 66.2 [36] 1.810

2 BCHMX C,H¢N4Oq 294.17 9124 [36] 236.5 [36] 1.860

3 a-HMX C,HgN¢Oq 296.18 75.02 [37] 1.839

4 f-HMX C,HgNgOq 296.18 9485 [36] 71.3 [36] 1.902

5 e-CL20 CcHgN 1,05 438,23 8311 [36] 397.80 [36] 2.044

6 $-CL20 C¢HgN 1,05 438.23 8327 [37] 421.74 [37] 1.985

7 PANi ([C¢H,NH],[C¢HyNI,), 95,800 [29] 24,497 [Cw] 158.57 [Cw] 1.5022

Co.00Hs.33N0.0802.0050.14 128.64

8 57 CL20/  1.0:0.2 Cioe6H11.01N 1200014625017 546.59 11,240 [Cw] 321.47 [Cw] 1.9691
PANi

9 58§ HMX/  1.0:0.2 Co.66H10.16N5.0009.0250.13 354.58 11,979 [Cw] 31.19 [Cw] 1.8967
PANi

10 59 BCHMX/1.0:0.2 Co.35Hs 00Ns5.0005.5250.05 333.40 11,245 [Cw] 89.21 [Cw] 1.8916
PANi

11 60 RDX/  1.0:0.2 Cs.00Hs 606N6.0006.7150.08 263.72 12,379 [Cw] 6.17 [Cw] 1.8295
PANIi

Cw refers to results obtained in the current work

“The values of the heat of combustion are shown in Table S3 in the Supplementary Information

"Hypothetical formulas of the CACs and PANi have been calculated from the elemental-analysis results shown in section $2.9 of the Supple-

mentary Information

°NAs/PANi means the molar ratio of the nitramine/PANi

these variants see Table 8). Electric-spark sensitivity [35]
was determined as an energy of an electric spark for a
50% probability of initiation (Egg in mJ) using a device
with electrodes in direct contact with the sample (the
ESZ 2000 MIL apparatus of the company OZM Research,
Fig. S2b in Supplementary Information). The results of
both of these mentioned test methods are summarized in
Table 8, and their methodological details are available in
the Supplementary Information section S2.4. It is interest-
ing and important that because of morphological changes
(Figs. 4 and 7a, Scheme 2) in CACs, the presence of PANi
improves their resistance to impact; on the other hand,
due to the conductivity of PANi, these NA/PANi compos-
ites show higher electrical sensitivity. PANi thus acts as a

@ Springer

passage for the transfer of electrons to the reaction cent-
ers of nitramine molecules (their addition to nitro groups
[35]), which makes composites more sensitive to an elec-
tric spark than their pure forms.

4 Results and discussion

4.1 Co-agglomeration

The attempt at co-agglomeration was preceded by the prepara-
tion of mixed microparticles by co-precipitation from a com-

mon solution. The particle size and surface area of the NA/
PANi composites in both of these processes were actively
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Fig.4 The fluorescence spectrum of pure PANI and its NA-compos-
ites in DMSO

influenced by intense stirring (see Table 2). However, real,
mild co-agglomeration was observed only in the case of
BCHMX/PAN:;; in the other mixed co-precipitates, there was
an increase in the specific surface area after the co-agglomer-
ation operation. This was further confirmed by the analysis of
the particle sizes of the co-precipitates and the final composites
(see Table 2). Therefore, referred to as “co-agglomeration”
here, as an applied process (to maintain continuity with previ-
ous publications [6, 19, 20]), it results in composite micro-
particles. The results obtained are summarized in Table 2.
The co-agglomeration process has also shown improvement
in the surface morphology of the CACs—as observed from
the FESEM analysis, the crystals had smoothed surfaces in all
the cases. FESEM images showed two major kinds of crys-
tals, namely center-core and coated, which made the edges of
nitramine crystals smoother (rounder) (see Scheme 2). As an
exceptional case, the f-CL20/PANi center-core crystals have
unequally distributed average crystals.

4.2 Thermal analysis

As earlier mentioned, the interaction of the nitramine mol-
ecules with the building units of the polyaniline chain in the
sense of Scheme 1 leads to their thermal destabilization.
This could be explained as follows: This interaction of the
n-electron system or the free electron pair of aniline nitrogen
(complexes with charge transfer) with the nitro group coun-
teracts the mesomeric effect (Scheme 3) in the nitramine
grouping by reducing the charge deficiency on the nitrogen
atom of the nitro group (the balance is then shifted to the left
side and the N—N bond should thus be weakened).

The morphological changes connected with the forma-
tion of the complexes with charge transfer have effectively
influenced the thermal analysis of the composites prepared

(Table 2 and Fig. 3). Considering the structure of these com-
plexes (Schemes 1 and 2) and the corresponding morpholog-
ical changes (Fig. 2 and Table 2), the heat transfer will first
take place through the PANi chain with subsequent transfer
to the nitramine molecule.

4.3 Spectral examination

In spectral observations, the stretching, bending vibrations, and
vibrational modes of PANi are predominant because the com-
posites of the NA crystals are shielded by PANi (Scheme 2).
From the spectral characterizations, it is known that nitramines
are bonded with the polymeric chain with the electro-force of
attraction with the formation of short contacts with the benze-
noid ring, quinoid units, and polarons. These bonds are formed
during the “co-agglomeration” of the applied heat, which helps
the electron-enriched PANI attach with the electron-deficient
nitro groups of nitramines. Except for the §-CL20/PANi com-
plex, the composites have several possibilities of complex for-
mation (see Scheme 2). Additionally, PANi and all of its com-
posites prepared have been found laser-sensitive; therefore, to
avoid their ignition during analysis, the minimum laser power
(29 mV withx 10/0.25 grating) has been used.

FTIR and Raman stretching vibrations overlap with each
other and thus verify that there is a complex with charge-
transfer formation in PANi CACs. The electron transfer dur-
ing “co-agglomeration” leads to complex formation, which
is explained using molecular orbital theory (MOT), where
PANi (P*) acts as an electron donor whereas the nitramines
(NAs) act as electron-deficient species [16]; during co-
agglomeration, these electronically charged species form the
temporarily excited complex (P+.NM —) [15]. The excep-
tion is the B-CL20/PANi composite, because of the presence
of a high number of nitro groups in the molecule, bonded at
the crowded globular 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisovurtzitane skeleton, with internal interactions
between these nitro groups, makes the $-CL20 molecule not
well accessible to the PANi chain mainly for steric reasons.

The higher-moiety electrons at aza-nitrogen atoms in the
CL20 nitramino groupings might contribute an inductive
effect to decrease the affinity of nitro-nitrogen atoms (see
Scheme 2) to n-electrons from PANi (see Scheme 1), which
should lower the driving force for the charge transfer. A big-
ger part of the CL20 molecule should be balanced by inter-
nal m—r stacking, its short contacts in crystal lattice should
partially remain and thus some amount of the physical mix-
ture of B-CL20 with PANi be formed in the composite [16].
These facts influence all of its thermochemical, detonation,
and sensitivity properties (energetic properties are dis-
cussed in the next sections). FTIR has also revealed a peak
at 675+20 cm™', attributable to — HSO,", a small amount
of which is present here; elemental analysis has confirmed
the presence of 0.02-4.00% of sulfur and a higher amount
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Fig.5 N-N bond-stretching
dependences. a A comparison
of the lengths of the longest
N-N bonds and the stretch-

ing vibrations of these bonds
of pure nitramines and their
composites with PANi (the
data placement in this figure
indicates the existence of
complexes with charge transfer
in the sense of Scheme 1); the
N-N bond lengths have been
taken from the ORTEP views
of the nitramines used in the
CCDC database shown in sec-
tion S2.11—Figs. S5(a—e) in
the Supplementary Information.
b Semilogarithmic correla-

tion with impact sensitivity,
expressed as drop energy for
the 50% probability of initiation
(for PANi, C-N bond stretch-
ing in benzenoid and quinonoid
structures has been used); and
¢ the correlation with electric-
spark sensitivity, taken here as
the energy of spark needed for
the 50% probability of initiation
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Fig.6 Dependences connected with structural characteristics: a the
relationship between impact sensitivity (expressed as drop energy in
J) and the benzene-unit deformation in emeraldine salt; b the rela-
tionship between the length of the longest N-N bond and the rela-
tive fluorescence quantum yield (RFQY) from fluorescence measure-
ments (PANi complexes are indicated only by pure-nitramine codes;

of oxygen. All analyses indicate the presence of sulfur in
the form of —HSO,~, which further balances the complete
PAN:i chain. This anion also helps remove n—x stacking here,
which facilitates electron mobility due to this increase in
electron density in the polymeric chain. This is further uti-
lized in the interaction with the nitramines forming com-
plexes/composites. It also enhances such physical properties
as processability, solubility, and electrical conductivity of
PAN:i as well as its NA composites. Considering polymer-
oriented applications like the use for sensor activity based
on electrical conductivity and fluorescence, this property
is good [15-18]. However, the corresponding composites
are more sensitive to electric sparks than pure NAs (see the
discussion of sensitivity).

4.4 N—N bond stretching vibrations

The first step in the verification of co-crystal formation in
recent papers [19-21] consisted of comparing the lengths
of the longest N—N bonds with the stretching vibrations of
N—N bonds (Fig. S6 in Supplementary Information). For
PANi complexes, this approach is presented in Fig. 5a. In

Quantum yield (qFI x 10?)

dimethylnitramine is presented as a standard for valence angles)—for
the values of the N—N bond length and valence angles, see the Sup-
plementary Information Fig. S6 (a—g); ¢ the relationship between the
RFQY from fluorescence measurements and FTIR skeletal (ring)
stretching; and d the relationship between the crystal density of NAs/
PANi complexes and their RFQY

the first approximation here, these bond lengths in pure nit-
ramines were applied to the corresponding PANi compos-
ites. It is understandable that due to the formation of the
charge-transfer complex of nitramines with PANi, the N—N
bond lengths should be changed as a result of the negative
influence of the mesomeric equilibrium (Scheme 3) in the
nitramine grouping (because of the changes in the force
ratios in the crystal lattice of nitramines). Like in the case of
co-crystals [19, 20], Fig. 5a shows a large difference between
pure nitramines and their NAs/PANi (more precisely their
composites). Nevertheless, a comparison of this figure with
similar ones in recent papers [19, 20] shows the difference
between the PANi composites from CACs of the co-crystal
type. Whereas values of the N—N bond stretching of com-
posites lie in the range of 1169-1172 cm™", in the case of the
co-crystals of the nitramines studied it is 940-1040 cm™!.
The reason for this is the difference in the decisive intermo-
lecular interactions in the mixed crystals of both groups,
which is reflected in the thermochemical, explosive, and sen-
sitivity properties of the composites (as mentioned above).

In the process of nitramine initiation, it is primarily the
N—N bond that is homolyzed [42—44]. In this context, the
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Fig.7 The dependences
connected with the relative
fluorescence yield (RFQY /
QY) of the NA/PANi complexes
studied. a The semilogarithmic
relationship between detonation
velocity and the RFQY; b the
relationship between impact
sensitivity, expressed as drop
energy (inJ), and QY; and c the
relationship between electric-
spark sensitivity and the QY
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Fig.9 The dependences con-
nected with the thermochemical
aspects of the substances stud-
ied. a The relationship between
the energy of the electric spark
(needed for the 50% probability
of initiation) and the enthalpy
of formation of the nitramines
and their composites studied; b
the semilogarithmic relationship
between the impact sensitivity
(expressed as drop energy in

J) and the heat of combustion
of the nitramines and their
composites studied; and ¢ the
semilogarithmic relationship
between the impact sensitivity
(expressed as drop energy in

J) and the voluminal energy of
detonation of the nitramines and
their composites studied
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Table 8 The sensitivity and explosive properties of pure substances and the corresponding CACs

Explosive Impact sensitivity, E,, Electric-sparkDetonation ~ Detonation Energy of  Additive value
sensitivity  velocity pressure detonation
No Code design E,,, 50% (J) Ref E;, 95% (J) Egg(m])  D(ms™') P (GPa) Ejpion 0.8 Egon 0.g7H
1 RDX 5.6 [38, 41] 147.7 9014 3391 5915
2 BCHMX 3.0 [38] 191.4 9116 36.19 6223
3 a-HMX 1.9 [41] 9126 35.05 5904
4 B-HMX 6.4 [38, 41] 160.0 9404 38.00 5964
5 e-CL-20 13.2° [39] 157.0 9650 43.41 6303
4.1° [40]

6 B-CL-20 11.9 [39] 130.6 9421 40.77 6320
7 PANI 50.0 Cw 108.0 35.6 6813 16.61 4845
8 57 CL20/ 17.4 Cw 334 40.9 9025 38.05 5971 6136

PANi
9 S§ HMX/  31.0 Cw 87.2 379 8890 35.30 5597 5876

PANi
10 59 BCHMX/ 22.3 Cw 559 232 8836 34.58 5638 5908

PANi
11 60 RDX/ 21.4 Cw 31.1 449 8744 33.26 5544 5805

PANi

*The value for pure e-CL-20

The value for the “common” (technical) quality of e-CL-20

semilogarithmic relationship between impact sensitivity and
N—N bond stretching is understandable (Fig. 5b): If it is
considered the definitional relationship between vibrational
frequency and the bond-force constant (i.e., roughly the
strength of the given bond) [45], the relationship in Fig. 5b
implies that an increase in this strength should correspond
to a decrease in impact sensitivity, which corresponds to the
reality. The fact that the f-HMX data do not correlate here
while the a-HMX data do also corresponds to the reality
(a-HMX is present in the corresponding PANi complex).
Similarly, Fig. 5¢ may be discussed for pure nitramines,
although the initiation by an electric spark is related to the
addition of an electron to the nitro group [35] and the N—N
bond could function here as a conductor of the inductive
effect. The formation of the PANi complex, however, is
related to a sharp increase in electric-spark sensitivity, per-
haps because of the “good transporter” of electrons into the
NA reaction center through the conducting PANi chains.
The fact that the position of the -CL20 data indicates the
opposite may be related to the complicated structure of its
PANi complex (see mentioned above).

4.5 New, unusual dependences

What is interesting are the dependences presented in Fig. 6,
which cannot be considered for the CACs of co-crystal
nature [6, 19, 20]. Therefore, Fig. 6a shows the proportional
influence of the deformation vibrations of the structural
building units of the PANi chain on the resistance against

the impact of the studied nitramine/PANi complexes. While
B-CL20 slightly reduces these deformations when compared
to the same ones of the pure PANi, the remaining nitramines
show a more pronounced opposite effect. The effect of
CL20 is undoubtedly caused by the above-mentioned spe-
cial structure of its complex with PANi, whereas the RDX,
BCHMX, and HMX behavior is a result of the interaction
with polyaniline as shown in Scheme 1. The intensity of this
interaction can be assessed by fluorescence measurements:
As the fluorescence of the NA/PANi complex increases, the
intensity of the interactions between the molecules of its
co-formers decreases (the opposite is true for the quantum
yield) [15-18]; in Fig. 6a, this intensity should thus decrease
in the series of RDX-BCHMX-HMX/complexes, with CL20
being an exception, as was mentioned. If the photons are
emitted from the nitramine grouping—N—NO, of nitramine,
the emission is, of course, greatly influenced by its electron
configuration, which in the first approximation in Fig. 6b
can be represented by the length of the longest N—N bond
(the trigger bond) and by the valence angle —CH,—N—CH,—
connected with this bond. Considering those angles, com-
pared to the valence angle of dimethyl nitramine (taking it
as a standard), it is evident that all nitramines (except for
B-HMX) have crowded molecules (even RDX, correspond-
ing to its reactivity when compared to f-HMX). The sta-
bilization of the highly sensitive a-HMX by converting it
into a PANi complex makes it a very attractive low-impact-
sensitive explosive, whose data in Fig. 6¢ lie logically close
to the dependence of the other NA/PANi. The order of the
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Scheme 3 The mesomeric effect in the nitramine grouping

Ns/PANi complexes in this figure corresponds to the order
of the quantum yields found, i.e., the order of the intensity
of the intermolecular interactions of the co-formers of the
complexes studied (the weakest for 3-CL20, the strongest
for RDX). The above-mentioned emission order, i.e., the
decrease in photon emission with increasing FTIR skeletal
stretching (the stretching increases with the increasing steric
crowding of nitramine molecules) is also very well-captured
in Fig. 6¢. The logical linear relationship between the quan-
tum yield and crystal density, presented in Fig. 6d, is also
related to the above, i.e., to the electron configuration on
nitramine grouping; this configuration is the result of the
spatial arrangement and the overall electron structure of the
NA molecule, which has a major influence on the method
of its placement in the crystal lattice and thus on the density
of the crystal.

4.6 Therelationships derived from fluorescence
measurements

As mentioned in the discussion of Fig. 6, this is the quantum
yield, i.e., according to the IUPAC definition [46], the num-
ber of certain events per photon absorbed by the system. In
the discussion of the above-mentioned figure, it was stated
that the electron configuration on the nitramino (trigger)
grouping has a fundamental influence on photon emission,
which gives the RFQY. Figure 7 shows further interesting
relationships between quantum yields and the characteristics
of the NA/PANi complexes.

The dependence in Fig. 7a confirms the fact that the deto-
nation characteristics are related to the electronic configura-
tion of the ground state and steric conditions in the reaction
center of the molecule [2, 43, 44]. This also concerns the
impact sensitivity in Fig. 7b, with the exception of the CL20
complex, which has the weakest mutual interaction of co-
formers (and thus different reactivity), as mentioned above.
No form of linear relationship could be found for electric-
spark sensitivity (Fig. 7c); as noted above, the primary step
in this initiation is the addition of an electron to the nitro
group [35], i.e., the attack on only a part of the nitramino
grouping, which might be the reason for this non-linearity.
The difference in the correlation (non-correlation) of the
p-CL20/PANI data in each part of Fig. 7 also lies in the

@ Springer

strength of the initiation, i.e., the shock in detonation versus
the impact and spark in the other two. It appears that these
kinds of outputs from fluorescence measurements could be
used to study the primary processes of the initiation of ener-
getic materials in the sense of physical organic-chemistry
approaches [43, 44].

4.7 Towards the electric-spark and impact
sensitivity, including impact influence

As shown in Scheme 2, there are two kinds of crystal
arrangements of the PANi composites (verified by spec-
troscopic and morphological analyses). The stress of the
drop hammer should initially be transferred to the PANi
layer, by which it can be partially absorbed; once it reaches
the NAs, the effect will decrease. In both cases of crystal
arrangements, the PANi thus acts as an effective phlegma-
tizer, well-compatible with HMX, followed by BCHMX,
RDX, and CL20. One of the first studies of impact sensitiv-
ity in crystalline explosives, using the Raman vibrational
spectra, was published by McNesby and Coffey [47]; their
approach, through the construction of vibrational energy
level diagrams, led to a model designed to calculate the rate
of energy transfer from phonon and near-phonon vibrational-
energy levels to higher-energy vibrational levels. Unlike
them, we tried to correlate this sensitivity directly with the
outputs of Raman and FTIR spectroscopy, as presented in [6,
19, 20] and here in Figs. 10b and 6a, newly extended by the
output of fluorescence measurements (Fig. 7b). The goal is
to search for and confirm trigger bonds. It was pointed out in
the discussion of Fig. 5a that because of the difference in the
crucial intermolecular interactions in PANi composite crys-
tals and co-crystals with polynitro-co-formers (for the latter,
see [6, 19, 20]), the range of the direct relationships of both
Raman and FTIR outputs with the initiation characteristics
of these composites is somewhat limited.

The mode of interaction of electrically conductive PANi
with NA molecules (see Scheme 1) enables perfect electron
transport from the electric discharge into the reaction centers
of nitramino groupings, i.e., to nitro groups. In addition, the
presence of the HSO, anions in PANi enhances its electri-
cal conductivity [15, 18] (see the discussion of the energy
aspect). The same group gives PANI stability and process-
ability when it comes to its physical stability and storage,
including those of its composites. In the cited papers [9, 10],
the mentioned good conductivity of PANi is used to reduce
the static-charge accumulation in the mechanistic mixtures
of PANi and EMs, i.e., to increase the safety of handling
these powder mixtures.

In connection with the attack of the electron on the nitro
group, as a primary step of initiation, Figs. 8a and 8b might
be of interest. In the first case, according to the proposed
mechanism of electron entry in the nitro group [35], the
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enhancement of the N-O bond (see the bond-force constant
in Section “4.3.1”) should facilitate the homolysis of the
N—NO, bond, which means that the dependence in Fig. 8a
should essentially correspond to the said assumption. On the
other hand, Fig. 8a should represent the stabilization of the
NO, group against the electron addition for partial relations
with a positive slope. The introduction of sterically crowded
B-CL20 and BCHMX molecules into the PANi composites
does not change their stretching much (when compared to
the same for HMX and RDX). Therefore in the case of neg-
ative-slope dependence, a certain role should also be played
by the geometrical details of the respective PANi complexes
with charge transfer.

As far as the effect of impact on the initiation of the
composites studied is concerned, this could be presented in
the first approximation by Fig. 8c. Again, when taking into

account the force constant of the bond, it can be stated that
the detonation rate of the respective nitramine or its com-
posite increases with a decrease in the N-O bond strength
(the opposite to electric-spark initiation according to Fig. 8a)
and, as shown in Fig. 7a, with a decrease of electron emis-
sion in fluorescence measurement.

4.8 The energy aspects

The detonation parameters of PANi in Table 8 may be some-
what surprising. This polymer is an energetic material with
very slow exothermic decomposition (see Table 3 and paper
[48]), whose thermochemical characteristics, elemental
composition, and density (see Table 7), when inserted into
the CHEETAH code, give the values shown. However, this
does not mean that PANi is a powerful explosive, but it may
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be detonated in a larger charge diameter and with a very
powerful initiation.

It is a well-known fact that the mixing of two explosives
results in a mixture that usually has a higher detonation rate
than would correspond to the percentage of components in
this mixture (it is also valid for some inert admixtures) [49].
Prof. Urbanski [49] explains these increases in values by the
increase in the entropy of the resulting mixture caused by the
components entering it. For this kind of evaluation, it used
the energies of detonation, E,. ., (see Table 8, where the
additive value of E;. ) [6, 19, 20]. When compared to nit-
raminic co-crystals with polynitroaromatic co-formers [19,
20], the effect of the increase in these “percentage” (addi-
tive) E 4., values, due to the PANi-composite formation, is
more pronounced (for the case of only nitramine co-formers,
this effect is opposite [6]).

The inverse relationship between the performance [1, 2]
and/or the energy content [3, 4, 50] of explosives and their
sensitivity has been mentioned (Licht’s rule [1]). What this
situation is like in the case of the composites studied here
is shown in Fig. 9.

It should be prefaced that pure cyclic nitramines (except
for BCHMX) are an exception to Licht’s rule [2], as can be
seen in all the illustrations of Fig. 9a—c. This exception still
awaits scientific explanation. The sensitivity to electric spark
versus to the enthalpy of formation (Fig. 9a) [3, 4] is consist-
ent with expectations, with the exception of p-CL20/PANj,
whose specific structure has been mentioned above and
which might be a reason for this expectation. It is quite pos-
sible that during the initiation of the composites, the PANi
itself is simultaneously attacked by the discharge. It might
be worth mentioning here that in nitramines, the energy of
an electric spark is semi-logarithmically proportional to
the length of the longest N—N bond in their molecules [35]
(which may also determine the position of the f-CL20/PANi
data in Fig. 9a).

The relationship between impact sensitivity and energy
content is presented in a semilogarithmic version in Fig. 9b,
where the energy content, represented by the heat of com-
bustion [50], increases from the right to the left and, except
for the pure nitramines $-CL20, BCHMX and a-HMX, is in
full agreement with Licht’s rule. The same concerns Fig. 9¢
[2].

A synoptic overview of the results of the study of the sen-
sitivity and the explosive characteristics of the composites
and nitramine compositions is provided in Fig. 10.

5 Conclusions
Composite microparticles of electrically conductive poly-

aniline (PANi) with the attractive cyclic nitramines RDX,
HMX, BCHMX, and CL20 were prepared by co-precipitation

@ Springer

followed by co-agglomeration of the resulting co-precipitates.
They are essentially charge-transfer complexes, which is the
reason for their slightly lower thermal stability in comparison
with the starting nitramines. Spectral and differential thermal
analysis techniques have shown changes in polymorph modi-
fications in CL20 (from ¢ to ) and HMX (from p to o) dur-
ing this preparation. These microcrystals have smoothed sur-
faces and two major kinds of crystals, namely center-core and
superficially coated, the latter of which has made the nitramine
crystal edges rounded. The coating of microcrystals signifi-
cantly reduces their impact sensitivity, especially in the case
of HMX (with drop energy increasing from 6.4 J in 3-HMX
to 31 J in ae-HMX/PAN!i versus the extreme impact sensitivity
of 1.9 J for a-HMX in its pure state). The FTIR symmetric
NO, and N—O bond stretching, the N—N bond stretching,
and newly the quantum yield from fluorescence application
in the composite microcrystals are logically associated with
their initiation reactivity (i.e., impact and electric-spark sen-
sitivity), related to the nitraminic components of composites.
The relationship between impact sensitivity and the benzene-
unit deformation in the emeraldine salt of PANi chains as
well as linear logical relationships between detonation rates
and both the FTIR symmetric N—O bond stretching, and the
relative fluorescence quantum yield, have also been found and
explained. In comparison to pure nitramines, the PANi electri-
cal conductivity has significantly increased the electric-spark
sensitivity of composites. Pure polyaniline and its composites
are also highly sensitive to laser power above 29 mV with
a grating of X 10/0.25. The relationships between the sensi-
tivity parameters and the energy content or power of PANi
composites are essentially consistent with Licht’s rule. The
prepared composites are characterized by an unusually high
crystal density and good detonation parameters; the increase
in the detonation parameters of explosive mixtures after mix-
ing their components is more pronounced in PANi composites
than in common energetic co-crystals. The interesting sensi-
tivity characteristics of PANi composites, together with their
easy preparation, should predetermine their potential use as
components of various types of lead-free initiators for differ-
ent types of charges, especially in “green” electric detonators
and squibs.
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