
FirePhysChem 4 (2024) 283–294 

Contents lists available at ScienceDirect 

FirePhysChem 

journal homepage: http://www.keaipublishing.com/cn/journals/firephyschem/ 

Novel approach for preparation of the energy-safety balanced cocrystals of 

attractive nitramines via coagglomeration 

Veerabhadragouda B Patil ∗ , Svatopluk Zeman 

Institute of Energetic Materials, Faculty of Chemical Technology, University of Pardubice, Pardubice CZ532 10, Czech Republic 

a r t i c l e i n f o 

Keywords: 

Co-agglomeration 

Co-crystals 

Detonation parameters 

Impact sensitivity 

Nitramines 

a b s t r a c t 

Co-agglomeration unique crystal engineering approach; in which the co-precipitated micro-particles of nitramines 

with other energetic materials co-agglomerated by the slurry method; to modify the energetic properties of attrac- 

tive nitramines like CL20, HMX, BCHMX, and RDX etc. The interesting properties and structural modifications in 

newly prepared co-agglomerated crystals (CACs) interesting one are discussed here. There are notable variations 

in the crystal morphologies and packing of crystals, including key properties like relatively high density, melting 

point, impact sensitivity, and detonation properties. These CACs are in the overwhelming and majority showing 

properties like co-crystals. Apart from these aspects, co-agglomeration provides a huge opportunity to tune the 

key properties and performance of existing energetic materials and is easy to scale-up for the industrial level. 

These preliminary results also suggest that chemical engineering factors are involved in the preparation of CACs 

and have tremendous improvements than the conventional crystallization. With technological optimization this 

method can be employable industrial scale production. 
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. Introduction 

High energy materials (HEMs) - explosives are one of the most es-

ential because they release large amounts of energy and gases rapidly

1] . Despite their production and handling risks, these materials proved

ndispensable in military and civilian uses. Evolution has been slow for

ver 1200 years; black powder prevailed until the early 20th century.

n this scenario, from 2,4,6-trinitrotoluene (TNT) to 1,3,5,7-tetranitro-

,3,5,7-tetrazocane (HMX) and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

exaazawurtzitane (CL-20), the first, second, and third generation

EMs, respectively, the detonation velocity (D) improved by 30% by

he end of the century. New HEMs are being synthesized, but their

erformance and sensitivity cannot exceed those of older HEMs [2–5] .

ecause of CHNO limitations in organic HEM systems [6] , newly syn-

hesized HEMs are inefficient and unusable [7] , contradicting coherent

roperty Energy & Safety [ 7 , 8 ]. Research emphasizes safer explosives to

revent this conflict in upcoming HEMs. As it thus seems, possibilities

f a chemical way to a HEMs by the synthesizing of a new family of

nergetic materials are relatively saturated. 

As a result, an alternate strategy for altering the characteristics of es-

ablished explosives was opted for. Crystal engineering of HEMs, which

ocuses on the altering of their properties through co-crystallization [9–

1] , developed out of this context. There is a tremendous development
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n cocrystallization of energetic materials methodologies, for example

ocrystallization of energetic materials with non-energetic materials, as

ell as with energetic materials. 

The resulting crystals may have a higher density ( 𝜌) and pack-

ng coefficient than the original components (coformers), but their

elting temperature ( Tm 

) and thermal breakdown onset ( Td ) are of-

en lower. The resulting energetic cocrystals (ECCs), with the right

reparation technology, can be more resistant to mechanical stim-

li and have better performance than their coformers, as has been

stablished in previous studies [9–11] . The literature is predomi-

ated by procedures requiring comparatively larger volumes of sol-

ents [12] , such as evaporation of solutions, application of the sol-

ent/antisolvent system, and crystallization under cooling. The authors

lso evaluated ultrasonic-assisted solvent/antisolvent crystallizations,

pray drying, and electro-spraying as potential best practices [10] .

n addition, most of the techniques discussed here also have down-

ides, such as increased solvent usage, prolonged cocrystal prepara-

ion durations, quantitative limits, or inapplicability to specific coform-

rs. However, despite their evident benefits, these methods are typ-

cally only suitable for producing small quantities /laboratory scale

f co-crystals. Grinding methods, melting/condensation crystallization,

esonant acoustic method, self-assembly method, slurry method, and

ethod with solvent-suspension are all examples of ways to prepare
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Fig. 1. Schematic of the intra- and inter-layered intermolecular interactions. 

The thickness of the lines represents the strength of intermolecular interactions: 

the thicker line suggests stronger interactions (Recreated from Ref. [23] ). 

 

s  

s  

a  

N  

i  

c  

 

c  

e  

t  

n  

c

3

 

1  

(  

p  

l  

p  

d  

T  

c  

C  

p  

t  

c  

a  

t  

h  

d  

D  

C  

f

3

 

F  

[  

a  

l  

t  

(  

(  

s  
CCs that do not require solvents or only require small quantities of

hem [12] . 

The fact that nano- and micro-particles of HEMs [ 9 , 12,13 ] ag-

lomerate easily (mostly RDX and HMX) has been verified by Zhao

t al. [14] . during the preparation of ECCs from the 1,3,5-trinitro-

,4,6-triaminobenzene (TATB) and HMX nanoparticles by in their co-

gglomeration in a hot water under pressure. In our technique, the co-

gglomeration takes place in a low-solubility solvent (either aprotic or

rotogenic) such that the coformers can be co-crystallized in suspension

"slurry method" of cocrystallization). 

In the present case, the initial mixture of the coformers was prepared

y precipitation from their common solution by anti-solvent. Using co-

gglomeration with polynitroarenes [15–21] , with sterically hindered

itramines molecules [17] , i.e. CL20 and BCHMX, and with electrically

onducting polyaniline (PANi) [ 20 , 22 ], this technique is very helpful

n creating co-agglomerated crystals (CACs) - characteristic cocrystals

f the attractive nitramines, as well as adoptable in application large

cale [21] . In this short review of the coagglomeration method results,

he presented details about successful efforts to prepare CACs and their

roperties from the perspective of their detonation properties (energy)

nd sensitivities (safety) in order to demonstrate their utility. 

. Experimental part 

.1. Materials & methods 

The preparation of co-agglomerated crystals (CACs) with specific en-

rgetic coformers (shown Fig. 2 (a)–(d)) and the aforementioned attrac-

ive nitramines (shown Fig. 2 (c)–(h)) was conducted using a primarily

wo-step procedure [15] . 

(1) First step - the co-precipitates are prepared by employing the

rapid solvent-antisolvent method. This method involves introduc-

ing a solution containing co-formers, which do not necessarily

possess a defined crystallography and can be obtained directly

from their production after stabilization (e.g., introducing water

into the acetonic solution). 

(2) Second step - Co-agglomeration strategy involves combining a

small quantity of solvent with a co-precipitate, resulting in a

well-mixed slurry (in which components exhibit low solubility

in the solvent). Subsequently, the slurry is subjected to heating

for a specific duration, reaching a temperature around the boiling

point of the solvent. 

The acquired CACs were dried, subsequently labeled, and subjected

o a comprehensive analysis for morphology and phase purity, and also

nderlying intermolecular changes in both coformers after undergoing

oagglomeration were described. The coagglomeration method works

s controlled cocrystallization as compared to earlier literature reported

ethods and obtained detonation parameters ( Table 3 ). 

. Results and discussions 

.1. The factors shaping the coformers cohesiveness in crystal lattice of 

ACs 

Usually, the individual coformers exhibits hydrogen bonding be-

ween them to form a stabilized crystal lattice. In cocrystals the coform-

rs are connected by attractive intermolecular / interlayered electro-

tatic interactions (shown Fig. 1 ) [20–22] . 

These interactions help to stabilize both coformers ( Fig. 2 ) in the

ingle crystal lattice i.e., in cocrystal form. According to the component

nd structural types of the objects involved in the interactions, inter-

olecular interaction (noncovalent interaction) is divided into van der

aals interaction (dispersion interaction) and electrostatic interaction

Coulomb interaction). Chemically, they are also be referred to as hy-

rogen bonding (HB), halogen bonding, or stacking [20,23,24,26,27] . 
284
Spectral and powder X-ray diffraction measurements have demon-

trated the creation of short contacts of the N-O —H type, including

tacking of benzene rings with selected coformers, hydrogen bonding,

nd van der Waals forces of attraction (which primarily occur between

O2 , N-N (nitramines), and C-H). The stability of the crystal lattice is

ncreased by these intra- and intermolecular interactions (for the PANi

oformer see a charge transfer complex type of interaction in Fig. 2 (i)).

As a result of these intra and intermolecular interactions between

oformers and nitramines (structures shown in Fig. 2 for pure coform-

rs) exhibited observable above mentioned changes, which suggests

hat molecules of coformers at particular molar ratio enter into the

itramines crystal lattice. These changes are described in detail in re-

ent publications [15–22] and results summarized briefly as follows. 

.2. CACs of attractive nitramines with DATB and TATB 

Both 1,3-diamino-2,4,6-trinitrobenzene (DATB) and 1,3,5-triamino-

,3,5-trinitro benzene (TATB) lead to the formation of co-agglomerates

CACs) with the nitramines (shown Fig. 2 (e) and (f)), in which HMX

resents in its 𝛿-form and CL-20 in its 𝛽-form [ 14 , 15 ]; the 𝛿-HMX stabi-

ization in these CACs is particularly interesting, since the lifetime of this

ure isomer is only 12 h [30] . Whereas using DATB yielded CACs with a

ensity of at most 99% of the theoretical density of the mixed crystal, the

ATB CACs densities are higher than those using the pure nitramines (in-

luding 𝛽-CL-20). The sensitivity is quite strongly reduced in the TATB

ACs (15–50 J) compared to their DATB analogues (4–12 J). Detonation

arameters of CACs containing DATB and TATB are logically lower than

hose of the starting nitramines. The detonation energies of these mixed

rystals are higher than would be expected from the respective percent-

ge of the co-formers. The most interesting of the CACs studied appears

o be HMX/TATB ( D = 9332 m/s) which in the formulation used here,

as a slightly increased density ( 𝜌 = 1.909 g/cm3 ) with only slightly re-

uced detonation parameters compared to pure HMX ( 𝜌 = 1.902 g/cm3 ,

 = 9404 m/s), while its impact resistance is extremely high (50 J). This

ACs, together with RDX/TATB co-agglomerate, could be suitable filler

or ammunition objects with high vulnerability resistance. 

.3. CACs of CL20 and BCHMX 

The CACs of sterically crowded molecules CL20/BCHMX (shown

ig. 2 (c) and (d)) took long time efforts finally stabilized form obtained

17] , here most important things are used medium of co-agglomeration

nd the molar ratio of coformers. This can yield a co-crystal with clearly

ower impact sensitivity (14.9 J for the 𝛽-CL-20/BCHMX molar ra-

io = 1.8) than that of pure 𝜀 -CL-20 (13.2 J) and of pure BCHMX (3 J)

shown in Tables 2 and 3 ). The density of the studied co-agglomerates

CACs) achieves 99.5% of the theoretically calculated ones and the den-

ity of the coformers at the molar ratios used reaches 99.6% of the
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Fig. 2. 3D molecular structures of attractive nitramines (a)-(d) and coformers used in CACs preparations. (a) CL20. (b) HMX. (c) BCHMX. (d) RDX and coformers 

used for CACs. (e) DATB. (f) TATB. (g) HNS. (h) HNAB [15–21] . (i) 2D Emeraldine salt of PANi “E ” – attractive cyclic nitramine i.e., it denotes formation of charge 

transfer complex with (a), (b), (c), and (d) [ 28,29 ]. 
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-CL-20 crystal density. The CACs has shown that CL-20 is present in

hem as its ß-modification; in one sample, obtained by classical co-

rystallization, have both 𝛼- and 𝛽-modifications. 

The CACs studied have lower detonation energies than would be

onsistent with the percentage of individual coformers in these crys-

als; this is a new finding, which does not correspond to the general

iew about the detonation parameters of explosive mixtures. The appli-

ation of the most sensitive CACs (1.2 J) as a detonator primer did not

xhibit the required acceleration capabilities in the given detonator de-

ign. However, a comparison with literature data ( Table 3 ) shows that

he CACs and CCs of this type could have advantageous applications in

ropellants because 𝛽-CL-20 is morphologically stable in these co-mixed

rystals. 

.4. CACs of attractive nitramines with HNS and HNAB 

The CACs with the 2,2 ′ ,4,4 ′ ,6,6 ′ -hexanitro-2,2 ′ ,4,4 ′ ,6,6 ′ -stilbene

HNS) coformer are finer grained than those with the 2,2 ′ ,4,4 ′ ,6,6 ′ -

exanitro- 2,2 ′ ,4,4 ′ ,6,6 ′ - azobenzene (HNAB) one (shown Fig. 2 (g) and

h)). CACs containing HNAB seem to be more perfect than CACs con-

aining HNS [19] . However, impact sensitivity of the second mentioned

nes is generally lower; the dominant sample is HMX/HNS with the mo-

ar ratio of 1.00/0.11 and the impact sensitivity of 47 J. The study of

he surface morphology of these crystals has shown their microporous

tructure, which is not significantly reflected into their crystal density.

hese CACs probably contain porous micro/nano crystalline clusters
285
f HNS (for the pure HNS recently similar structure described in Ref.

31] ). Three other CACs (RDX/HNS, RDX/HNAB and BCHMX/HNAB)

ad higher impact resistance than that exhibited by their original pure

oformers. For CL20, however, the entry of HNS or HNAB into its crystal

attice is destabilizing. 

In these CACs the HMX is present in its 𝛿-form, CL-20 in its 𝛽-form

nd the trans-HNS molecule changes its conformation to cis-form. On

he basis of FTIR and Raman spectral studies shown there are more

ntense intermolecular interaction between HNS and nitramines (espe-

ially through the hydrogen bonds formed by the hydrogen atoms of

he ‒CH = CH ‒ bridge) and in the case of 𝛿-HMX also thanks to its spa-

ial compatibility with cis-HNS molecules. The most interesting CAC

rom those studied appears to be the already-mentioned HMX/HNS

ith the molar ratio of 1.00/0.11 and the microporous structure of

ts crystals, whose calculated detonation velocity is of 8.98 km/s for

= 1.8778 g/cm3 (compare with 9.40 km/s for 𝛽-HMX). The combi-

ation of HMX and HNS molecules thus appears to be advantageous.

he CACs studied, with the exception of the ones containing CL-20,

ay be applied as secondary fillers of special detonators and, after the

erification of their pressability, also as fillers of various ammunition

bjects. 

.5. CACs of attractive nitramines with PANi 

After successfully preparing the CACs of the Energetic-Energetic

olecules category, coagglomeration extended to check feasibility
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Table 1 

Particle size measurements [15–22] . 

Sr No’s Code design Solvent system of coprecipitation Surface area (m2 /kg) Dv (50) (μM) Dv (90) (μM) Refs. 

1 32 HMX/TATB DMFA/water 3160 2.45 12 [15] 

2 33 BCHMX/TATB DMFA/water 3765 1.69 12.8 [15] 

3 34 CL-20/TATB DMFA/water 5633 1.77 3.88 [15] 

4 35 RDX/TATB DMFA/water 4614 12.5 43.1 [15] 

5 BCHMX/DATB-Cp1 NMP/water 621.1 14.1 33.3 [15] 

6 BCHMX/DATB-Cp2 NMP/water + Surfactant 70.6 127 1809 [15] 

7 RDX/DATB-Cp3 NMP/water 433.5 23.4 53.3 [15] 

8 𝛿-HMX/DATB-Cp4 DMSO/water 665.7 12.1 23.6 [14] 

9 ß-CL-20/DATB-Cp5 DMSO/water 1779 22.6 58.1 [14] 

10 CCs2 CL20/BCHMX Ethyl-formate/hexane 1106 16.9 64.8 [16] 

11 S4 CL20/BCHMX DMSO/water 1468 15.4 65.2 [16] 

12 S5 CL20/BCHMX DMSO/water 1007 16.7 50.4 [16] 

13 S4LV CL20/BCHMX DMSO/water 861 16.3 58.8 [16] 

14 S4LZ CL20/BCHMX DMSO/water 3171 3.22 9.48 [16] 

15 S5LV CL20/BCHMX DMSO/water 927 15.6 37.5 [16] 

16 3 HMX/HNS DMSO/water 1596 5.92 20.1 [18] 

17 6 HMX/HNS DMSO/water 1973 6.49 26.7 [18] 

18 8 HMX/HNS DMSO/water 1732 4.52 13.1 [18] 

19 17 RDX/HNS DMF/water 2089 6.05 23.6 [18] 

20 18 CL-20/HNS DMF/water 1772 8.76 34.2 [18] 

21 19 BCHMX/HNS DMF/water 1547 6.87 20.2 [18] 

22 20 RDX/HNAB DMK/hexane 441.3 27.2 54.8 [18] 

23 21 BCHMX/HNAB DMK/hexane 629.4 19.8 61.8 [18] 

24 22 CL-20/HNAB DMK/hexane 1056 10.8 25.1 [18] 

25 31 HMX/HNAB DMK/hexane 912.4 15.8 41.9 [18] 

26 38 HMX/HNAB DMK/hexane 792 15.8 62.9 [18] 

27 39 CL-20/HNAB DMK/hexane 872.9 12.3 33 [18] 

28 57 CL20/ PANi DMSO/water 1764 6.79 40.5 [20] 

29 58 HMX/PANi DMSO/water 788.6 18.7 80.6 [20] 

30 59 BCHMX/PANi DMSO/water 1233 8.35 40.1 [20] 

31 60 RDX/PANi DMSO/water 1126 9.66 40.4 [20] 
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f the method nonen ergetic polymeric moiety with these attrac-

ive nitramines [20] . Obtained results are interesting with polyaniline

PANi), which shown effective influence in these attractive nitramines

shown Fig. 2 (i)). As usual the polymorphic changes observed exhib-

ted 𝛼-HMX and 𝛽-CL20 after interacting with polymer chain. These

ttractive nitramines formed a charge transfer complex with PANi

hain [ 23 , 26 ], its interesting changes further confirmed by fluorescence

uenching and quantum yield. In crystalline form the PANi moiety

oated on surface of the nitramines crystals which further leads to ther-

al, mechanical/impact stability in corresponding CACs, however due

o conductive nature PANi electric they are spark sensitive. In all these

itramine complexes showed an increased sensitivity to electrical spark,

57) CL20/PANi 40.9 mJ; (58) 𝛼-HMX/PANi 37.9; (59) BCHMX/PANi

3.2 mJ and (60) RDX/PANi 21.4 mJ. Also found laser (29 mV with

0 ×/0.25 grating) sensitive in Raman measurements. From the point

f view of performance in the studied nitramines is more interesting

DX/PANi complex ( D = 8744 m/s) with a slightly increased density

 𝜌 = 1.8295 g/cm3 ), slightly reduced calculated detonation parameters

ompared to pure RDX ( 𝜌 = 1.810 g/cm3 , D = 9014 m/s), with also

 good impact resistance of 21 J. The most resistant against impact is

-HMX/PANi (31.01 J), followed by remaining CACs ( Tables 2 and 3 ).

hese PANi coagglomerates could be suitable primary components for

lectrical initiators. 

.6. Particle size and morphology of CACs 

Particles size analysis of CACs ( Table 1 ) shown the effect of co-

gglomeration for attractive nitramines with enhancements in their

urface areas. For understand influence both co-precipitation and co-

gglomeration some samples particle analysis for co-precipitates (in

able 1 samples codes end with P) also carried followed by final product

ACs. Regarding the size of the CACs determined size and specific sur-

ace area, especially for nitramines with sterically crowded molecules,
286
.e., BCHMX and CL20, there is only a slight increase of its value dur-

ng the agglomeration process; the spatial compatibility of the angular

olecule BCHMX and the globular one 𝛽-CL20 have to be logically quite

imited [17] . 

The CACs of RDX and HMX co-agglomerate well, which is within ex-

ectations. The polynitroaromatic coformers, co-agglomeration is most

trongly suppressed by TATB, which is also logical (due to relatively

trong non-covalent bonds of the N-O —H-N type [15–21] ). 

In terms of SEM-based crystal quality assessment, the best CACs were

-CL20/BCHMX with a molar ratio of 1.8 components (also in terms of

mpact sensitivity) [17] , followed by nitramine co-agglomerates with

NAB [19] . On the other hand, in the case of a 𝛿-HMX/HNS co-

gglomerate with a molar ratio of 1.00/0.42, which is demonstrably

icroporous (see Fig. 3 sample code 8) without significant reflect into

heir crystal density [19] ; these microporous structure are caused by

NS crystal morphology [31] . 

.7. Impact sensitivity 

The well-known observation of Dr. Licht [32] that high performance

xplosives usually have high sensitivity was developed over time into

 semilogarithmic relationship [33] between impact sensitivity and the

nergy content of explosives, represented by the enthalpy of formation

hich is presented by Figs. 4 and 5 . 

It can be seen that the stabilizing effect of incorporating TATB into

he HMX crystal lattice (Serial No. 2 in Table 1 ) can practically match

ith the same effect of HNS (Serial No. 25 in Table 1 ). In doing so,

oth types of CACs, in terms of the FESEM image ( Fig. 3 ), give the im-

ression of imperfect crystals. This interesting effect is still waiting for

xplanation. It may be due to flexible crystal formation which are re-

isting impact becoming pallet. The flow of dependencies in Fig. 5 is

onsistent with Licht’s rule, except that there is a known, as yet unex-

lained exception for pure RDX, HMX and CL20 [34] . 
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Fig. 3. FESEM images with sample IDs top 3 highly impact insensitive left to right; (a) HMX CACs: 32 HMX/TATB, 8 HMX/HNS, & 58 HMX/PANi. (b) CL20 CACs: 

57 CL20/ PANi, 34 CL-20/TATB, & S5 CL20/BCHMX. (c) BCHMX CACs: 33 BCHMX/TATB, 59 BCHMX/PANi, & 19 BCHMX/HNS. (d) RDX CACs: 35 RDX/TATB, 60 

RDX/PANi, & 17 RDX/HNS (images regenerated from Refs. [ 15–22 ]). For sample codes compositions see Table 2 . 
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The importance of the molar ratio of coformers in CACs is best docu-

ented on the CL20/BCHMX cocrystals (samples No. 32-38 in Table 1 );

he introduction of foreign molecules into the crystal lattice of CL20

ends to destabilize this nitramine (except perhaps for TATB and DATB),

ut in the case of the BCHMX coformer and for a molar ratio of 1.8/1.0,

CCs with surprisingly high resistance to impact can be obtained (sam-

le No. 35 in Table 1 , it in comparison with impact sensitivity of ɛ -CL20

nd BCHMX). 

.8. Explosive properties 

Researchers in the field of energetic cocrystals do not mention the

ell-known fact that the mixing of two explosives results in a mixture

hat usually has a higher detonation rate than would correspond to the

ercentage of components in this mixture [35] . The detonation energies

ere compared ( Edeton ) in the studies in this sense [15–21] , which is

ummarized in Figs. 6 - 8 . 
287
Here, group “A ” presents data of the brisant explosives (mostly CL20

nd partly BCHMX) with the smallest effect of the increase in Edeton 

alues for the CACs, group “B ” of co-agglomerates of RDX and HMX

ith coformers, having larger increases in these values, and the largest

ver such effect is observed for group “C ” with the PANi coformer. 

All dependencies seem to intersect in a common intersection formed

y the data of serial No’s. 32-38 nitramine CACs from Table 4 . For these

itraminic CACs alone, the effect of the mixture is opposite. Prof. Ur-

anski stated that these increases in values by the increase in entropy

f the components entering the mixture [35] . For the nitraminic CACs,

xplained the decrease in the Edeton values for their CACs by the de-

rease in entropy in the mixture of admittedly molecularly-structurally

utually different but chemically uniform coformers [17] . 

The well-known relationship between detonation velocities and

harge densities of explosives is presented in Fig. 8 . Here again, the set of

ACs studied by us breaks down into group A of mostly pure nitramines
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Fig. 4. A comparative graphical representation of impact and electrical spark sensitivities. 

Fig. 5. The semi-logarithmic relationships between the impact sensitivity and energy content (represented by the enthalpy of formation) of the CACs prepared (data 

taken from papers [15–21] ). 

288



V.B. Patil and S. Zeman FirePhysChem 4 (2024) 283–294

Fig. 6. Detonation parameters of CACs with pure nitramines used for preparation. 

Fig. 7. The mutual relationships between the energies of detonation calculated on the basis of the additive principle (i.e., the percentage of components in the 

co-agglomerates) and that calculated by CHEETAH code [35] using experimental enthalpies of formation (data taken from papers [15–21] ). 
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Table 2 

Molecular formulas, thermochemical properties, and maximum crystal densities of pure substances and their corresponding CACs [15–22] . 

Explosive 

Heat of 

combustion 

Enthalpy of 

formation 

Crystal 

density 

No Code design 

Molar ratio 

NM/ CFs Formula 

Mol. 

weight 

Qc 

(J/g) 

ΔHf 

(kJ/mol) 

ϱ
(g/cm3 ) Refs. 

1 RDX – C3 H6 N6 O6 222.14 9522 66.2 1.810 [14] 

2 BCHMX – C4 H6 N8 O8 294.17 9124 236.5 1.860 [14] 

3 𝛽-HMX – C4 H8 N8 O8 296.18 9485 77.3 1.902 [14] 

4 𝛽-CL-20 – C6 H6 N12 O12 438.23 8327 421.74 1.985 [14] 

5 ɛ -CL-20 – C6 H6 N12 O12 438,23 8311 397.80 2.044 [14] 

6 TATB – C6 H6 N6 O6 258.15 11,927 − 139.74 1.938 [14] 

7 DATB – C6 H5 N5 O6 243.14 11,592 − 101.3 1.838 [14] 

8 HNS – C14 H6 N6 O12 450.23 11,634 78.24 1.745 [14] 

9 HNAB – C12 H4 N8 O12 452.21 12,384 284.09 1.799 [14] 

10 PANi – ([C6 H4 NH]2 [C6 H4 N]2 )n 

C6.00 H6.33 N0.98 O2.00 S0.14 

95,800 [36] 

128.64 

24,497 158.57 1.5022 [20] 

11 32 HMX/TATB 1.00:0.12 C4.33 H8.00 N8.00 O8.00 300.09 9720 68.80 1.909 [15] 

12 33 BCHMX/TATB 1.00:0.37 C4.86 H4.86 N8.00 O8.00 303.33 9335 223.97 1.931 [15] 

13 34 CL-20/TATB 1.00:0.17 C7.01 H7.01 N12.00 O12.00 451.35 8927 268.76 2.033 [15] 

14 35 RDX/TATB 1.00:0.28 C3.65 H5.99 N6.00 O6.00 229.93 9660 39.12 1.869 [15] 

15 Cp1 BCHMX/DATB 4.20:1.00 C4.72 H6.26 N8.00 O8.19 306.44 9627 197.37 1.851 [14] 

16 Cp2 BCHMX/DATB 3.90:1.00 C4.76 H6.27 N8.000 O8.22 307.07 9579 171.46 1.831 [14] 

17 Cp3 RDX/DATB 3.90:1.00 C3.66 H5.76 N6.00 O6.27 234.13 9919 58.33 1.793 [14] 

18 Cp4 𝛿-HMX/DATB 3.70:1.00 C4.79 H8.00 N8.00 O8.22 309.17 10,002 63.10 1.885 [14] 

19 Cp5 ß-CL-20/DATB 2.20:1.00 C7.36 H7.81 N12.00 O13.74 484.20 9272 318.22 1.981 [14] 

20 3 HMX/ HNS 1.00:0.42 C7.54 H8.00 N8.00 O9.93 369.56 10,880 77.64 1.8730 [18] 

21 6 HMX/ HNS 1.00:0.16 C5.57 H8.00 N8.00 O8.85 328.60 10,386 72.78 1.8820 [18] 

22 8 HMX/ HNS 1.00:0.11 C5.09 H7.96 N8.00 O8.57 318.32 10,055 73.55 1.8778 [18] 

23 17 RDX/ HNS 1.00:0.14 C4.35 H6.00 N6.00 O6.73 250.02 10,040 68.10 1.7824 [18] 

24 18 CL-20/ HNS 1.00:0.61 C11.14 H7.40 N12.00 O14.80 546.15 10,444 275.89 1.9265 [18] 

25 19 BCHMX/ HNS 1.00:0.25 C5.89 H6.31 N8.00 O9.02 333.48 10,087 155.11 1.8278 [18] 

26 20 RDX/ HNAB 1.00:0.11 C3.90 H5.79 N6.00 O6.00 242.32 10,033 78.10 1.7831 [18] 

27 21 BCHMX/ HNAB 1.00:0.34 C6.44 H5.86 N8.00 O9.62 349.23 10,138 214.14 1.8267 [18] 

28 22 CL-20/ HNAB 1.00:0.46 C8.81 H6.00 N12.00 O13.40 494.35 9504 384.67 1.7918 [18] 

29 31 HMX/ HNAB 1.00:0.185 C5.25 H7.37 N8.00 O8.62 320.46 10,067 119.90 1.8467 [18] 

30 38 HMX/ HNAB 1.00:0.180 C5.22 H7.32 N8.00 O8.53 318.61 10,046 113.46 1.8575 [18] 

31 39 CL-20/ HNAB 1.00:0.37 C8.37 H6.00 N12.00 O13.18 485.54 9260 355.70 1.9411 [18] 

32 S4 CL20/BCHMX 1.10:1.00 C6.00 H7.23 N12.00 O12.00 439.44 8475 329.00 1.9620 [18] 

33 S4LV CL20/BCHMX 1.53:1.00 C6.00 H6.91 N12.00 O12.00 439.12 8446 348.87 1.9744 [18] 

34 S4LZ CL20/BCHMX 1.52:1.00 C6.04 H6.89 N12.00 O12.00 439.58 8379 323.47 1.9745 [18] 

35 S5 CL20/BCHMX 1.80:1.00 C6.00 H6.78 N12.00 O12.00 438.99 8343 313.62 1.9761 [18] 

36 S5LV CL20/BCHMX 1.57:1.00 C5.99 H6.89 N12.00 O12.00 438.98 8318 325.89 1.9617 [18] 

37 CCs 1 CL20/BCHMX 0.60:1.00 C6.03 H7.21 N12.00 O12.00 439.78 8447 329.13 1.9366 [16] 

38 CCs 2 CL20/BCHMX 0.63:1.00 C6.00 H7.46 N12.00 O12.00 439.70 8655 307.45 1.9356 [16] 

39 57 CL20/ PANi [UP] C10..66 H11.01 N12.00 O14.62 S0.17 546.59 11,240 321.47 1.9691 [20] 

40 58 HMX/PANi [UP] C6.66 H10.16 N8.00 O9.02 S0.13 354.58 11,979 31.19 1.8967 [20] 

41 59 BCHMX/PANi [UP] C6.35 H8.00 N8.00 O8.82 S0.05 333.40 11,245 89.21 1.8916 [20] 

42 60 RDX/PANi [UP] C5.09 H8.60 N6.00 O6.71 S0.08 263.72 12,379 6.17 1.8295 [20] 

Note: Here, UP- results under publication; materials. 
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highly brisant explosives), into groups B and C of RDX, BCHMX and

MX co-agglomerates and into group C, formed by pure HNAB and

NS and also by CACs with CL20 content, in which coformers HNS,

NAB, PANi and DTAB significantly reduce the detonation rate. It is

ossible to see here, that HMX/TATB (data No. 11 in Table 4 ) with high

esistance against impact should have detonation velocity near those

f pure 𝛽-HMX. Another highly resistant against impact CAC, i. e. 𝛿-

MX/cis-HNS (data No. 22 in Table 4 ) is close to pure RDX in this

ense. 

.9. Feasibility of co-agglomeration method 

As shown by our results so far [15–21] , the introduction of polyni-

ro compound molecules into the crystal lattice of attractive nitramines

sually leads to an increase in their initiation reactivity mainly for those

ith crowded molecules, but this can be partially eliminated by selec-

ion of the molar ratio in the resulting CAC. So far, the most effective

stabilizer" of these nitramines logically turns out to be TATB. Surpris-
290
ngly, the coformer cis-HNS has a similar effect on the stabilization of

-HMX (here also the molar ratio of the coformers plays a major role),

here, moreover, the microporosity of cis-HNS in the final CAC can

urns out to be a significant positive factor. From an explosives’ prop-

rty point of view, the 𝛿-HMX/TATB co-agglomerate is the most advan-

ageous, approaching pure 𝛽-HMX in its performance. Similarly, the best

o-agglomerate 𝛿-HMX/cis-HNS, which is, however, in its performance

losed logically to pure RDX. 

Preparation of co-crystals by co-agglomeration (by "slurry method"

o-crystallization) appears to be very interesting, giving products rela-

ively high crystal density. It does not require initial coformers of de-

ned granulometry - it is possible to apply components directly from

heir production after isolation from the reaction mixtures of their

reparation and subsequent stabilization. Purification of coformers can

ake place in solution as part of their co-precipitation. 

These preliminary results of ours also suggest that chemical engi-

eering factors are involved in the preparation of CACs, as in con-
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Table 3 

Detonation properties of EECCs of attractive nitramines by traditional methods. 

Sr No 

Energetic cocrystals 

(ECCs) 

Detonation 

velocity, D (m/s) 

Detonation 

pressure, P (p) Refs. 

1 CL20/BTF 8969 39.10 [37] 

2 CL20/TNT 8426 28.70 [38] 

3 CL20/DNB 8434 34.07 [39] 

4 CL20/TNT 8466 33.80 [39] 

5 CL20/MTNP 9347 40.50 [40] 

6 CL20/AMTN 8863 NA [ 25 ] 

7 CL-20/2,4-MDNI 8839 34.82 [41] 

8 CL-20/4,5-MDNI 8919 35.69 [41] 

9 CL20/TNT 8631 NA [42] 

10 CL-20/DNDAP 8997 37.50 [43] 

11 CL-20/TFAZ 9103 37.20 [44] 

12 CL-20/ 2,4-DNI 9324 39.20 [45] 

13 CL-20/1,4-DNI 9242 39.01 [46] 

14 CL20/4,5-MDNI 8604 34.45 [47] 

15 CL20/4,5-MDNI 8972 38.59 

16 HMX/ANPyO 9444 41.03 [46] 

17 HMX/ANPyO 9387 40.44 [46] 

18 HMX/BTNEN 9380 42.95 [48] 

19 CL-20/TFAZ 9103 37.20 [44] 

20 CL20/HMX NA NA [49] 

21 CL-20/HMX NA NA [50] 

22 CL-20/MTNI 9093 37.46 [51] 

23 NBA:AmTz 

NBA:TATOT 

NBA:NPTA 

NBA:DAG 

7280 

7521 

6837 

7685 

19.50 

19.70 

17.00 

20.90 

[52] 

24 1:1 TT/HNT 6091 NA [53] 

25 2:1 TT/HDNT 5884 NA 

26 1:1 TT/TNP 6903 NA 

27 HNTO/AN NA NA [54] 

28 TNB/1,4-DNI 7704 26.08 [55] 

29 TNB/DNMT 7709 22.40 

30 CL-20/HMX/MF 9200 to 9250 NA [56] 

31 CL-20/MTNP 9347 40.50 [57] 

32 HMX/NTO 

composite 

NA NA [58] 

33 DNP/DAF NA NA [59] 

Fig. 8. The mutual relationships between the calculated detonation velocity for the maximal crystal density and this crystal density (data taken from papers [15–21] ). 
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Table 4 

Impact sensitivity and explosive properties of pure substances and corresponding CACs [15–22] . 

Explosive Impact sensitivity Edr 

Sr No Code design 

Edr 50% 

(J) 

Edr 95 % 

(J) 

Detonation 

velocity, 

D (m/s) 

Detonation 

pressure, 

P (GPa) 

Energy of 

detonation, 

Edeton (J/g) 

Additive valuea 

of Edeton (J/g) Refs. 

1 RDX 5.6 – 9014 33.91 5915 – [14] 

2 BCHMX 3.0 – 9116 36.19 6223 – [14] 

3 ß-HMX 6.4 – 9404 38.00 5964 – [14] 

4 ß-CL-20 11.9b – 9421 40.77 6320 – [14] 

5 ɛ -CL-20 13.2b; 4.0 c – 9650 43.41 6303 – [14] 

6 DATB 78.5 – 8004 27.13 4086 – [14] 

7 TATB 112.0 – 8434 31.01 4492 – [14] 

8 HNS (form I) 11.5 – 7373 22.81 5015 – [14] 

9 HNAB 8.6 – 7744 26.12 5335 – [14] 

10 PANi 50.0 108.0 6813 16.61 6813 4845 [20] 

11 32 𝛿-HMX/TATB 50.0 98.3 9332 37.73 5867 5817 [15] 

12 33 BCHMX/TATB 32.0 76.0 9051 36.75 5931 5798 [15] 

13 34 CL-20/TATB 15.4 41.1 9556 42.60 6265 5788 [15] 

14 35 RDX/TATB 46.7 71.5 9016 34.86 5662 5569 [15] 

15 Cp1 BCHMX/DATB 3.4 8.8 8913 34.45 5952 5872 [14] 

16 Cp2 BCHMX/DATB 2.9 6.0 8819 33.50 5915 5849 [14] 

17 Cp3 RDX/DATB 9.7 20.0 8619 31.61 5621 5589 [14] 

18 Cp4 𝛿-HMX/DATB 12.7 97.2 9111 35.78 5730 5630 [14] 

19 Cp5 ß-CL-20/DATB 1.8 2.1 9229 38.88 5978 5869 [14] 

20 3 HMX/HNS 17.4 35.0 8685 33.03 5637 5592 [18] 

21 6 HMX/HNS 11.4 17.6 8927 34.45 5778 5773 [18] 

22 8 HMX/HNS 47.0 105.1 8982 34.73 5804 5819 [18] 

23 17 RDX/HNS 20.4 47.0 8572 30.95 5720 5717 [18] 

24 18 CL-20/HNS 11.4 18.6 8764 35.01 5961 5815 [18] 

25 19 BCHMX/HNS 10.5 24.4 8622 32.13 5780 5891 [18] 

26 20 RDX/HNAB 20.5 46.4 8671 31.66 5822 5807 [18] 

27 21 BCHMX/HNAB 13.4 39.2 8568 32.01 5894 5918 [18] 

28 22 CL-20/HNAB 5.1 11.4 8333 30.11 5791 6000 [18] 

29 31 HMX/HNAB 9.7 34.8 8879 33.96 5842 5824 [18] 

30 38 HMX/HNAB 14.0 37.5 8911 34.30 5817 5828 [18] 

31 39 CL-20/HNAB 6.0 28.5 8921 36.17 5924 5786 [18] 

32 S4 CL20/BCHMX 6.0 8.4 9373 39.65 6163 6273 [16] 

33 S4LV CL20/BCHMX 4.4 8.6 9410 40.20 6198 6279 [16] 

34 S4LZ CL20/BCHMX 1.2 4.9 9385 39.94 6136 6278 [16] 

35 S5 CL20/BCHMX 14.9 38.5 9383 39.93 6123 6281 [16] 

36 S5LV CL20/BCHMX 8.7 20.8 9341 39.41 6143 6279 [16] 

37 CCs1 CL20/BCHMX 1.5 – 9262 38.43 6139 6261 [16] 

38 CCs2 CL20/BCHMX 2.5 – 9268 38.39 6113 6262 [16] 

39 57 CL20/ PANi 17.4 33.4 9025 38,05 5971 5971 [20] 

40 58 HMX/PANi 31.0 87.2 8890 35,3 5597 5597 [20] 

41 59 BCHMX/PANi 22.3 55.9 8836 34,58 5638 5638 [20] 

42 60 RDX/PANi 21.4 31.1 8744 33,26 5544 5544 [20] 

Note: (a) The value calculated on the basis of the additive principle, i.e., percentage of components in the co- agglomerate; 

(b) The values for pure 𝛽-CL-20 and ɛ -CL-20, respectively, taken from paper [60] ; 

(c) The value for “common ” (technical) quality 𝜀 -CL-20. 
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entional crystallization. With technical technological optimization this

ethod is employable industrial scale cocrystal productions. 

. Concluding remarks 

The developed a method that benefits nitramines cocrystal nano- and

icro-particles. Key findings of interesting cocrystals are listed below. 

(1) This method is practically a co-crystallization in suspension -

"Slurry method", which considerably reduces the processing time

and decreases the quantity of solvents compared to a solvent co-

crystallization. It provides fine co-crystals of very good quality; 

(2) Among the co-crystals of attractive cyclic nitramines with 1,3-

diamino- and 1,3,5-triamino-2,4,6-trinitrobenzene, the ones with

𝛿-HMX are very interesting, with a surprising result for coformer

TATB with molar ratio 1.00/0.12 ( IS = 50 J, calculated D = 9.3

km/s); however, TATB behaves here as an anticaking additive; 

(3) Among the co-crystals of cyclic nitramines with cis-2,2 ′ ,4,4 ′ ,6,6 ′ -

hexanitrostilbene (HNS) and 2 ′ ,4,4 ′ ,6,6 ′ -hexanitroazobenzene

(HNAB), 𝛿-HMX/cis-HNS with a molar ratio of 1.00/0.11 and
292
IS = 47 J (TNT has of 36.4 J) with calculated D = 8.9 km/s stands

out surprisingly; the impact resistance of this product far exceeds

that one of both its coformers; 

(4) The attempted co-agglomeration of sterically crowded nitramines

ɛ -CL20 and BCHMX also resulted in a surprisingly good 𝛽-

CL20/BCHMX product with a molar ratio of 1.8/1.0, IS = 14.9 J

and calculated D = 9.4 km/s; also, here its impact resistance ex-

ceeds that one of both its coformers (mainly of BCHMX with IS

of 3 J); 

(5) The molar ratio of the coformers and the choice of the continu-

ous phase play a very important role in this co-agglomeration -

the proteogenic one usually gives a better morphology than the

aprotic medium; however, HNAB undergoes decomposition in the

proteogenic solvent; 

(6) In all co-crystal types studied, HMX was specified in its 𝛿-

modification, CL20 in its 𝛽-modification and HNS in its cis-

conformation; it is the spatially similar orientation of the 𝛿-HMX

and cis-HNS molecules that could be one of the reasons for the

surprisingly low sensitivity of the 𝛿-HMX/cis-HNS co-crystal for

the molar ratio of coformers 1.00/0.11; 
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(7) The polyaniline (PANi) given a unique combination of CACs in

which they are impact insensitive ( + 5 J to 25 J) and electric spark

(-100 mJ to 150 mJ) and laser (29 mV with 10 ×/0.25 grating)

sensitive, with relatively better physiochemical properties and

detonation properties. Especially HMX (impact sensitivity 31 J

from original of 6.4 J), which is present in the composite in its

𝛼-modification, which is in its pure state extremely sensitive to

impact (1.9 J); 

(8) The very well-known phenomenon of higher detonation parame-

ters of explosives mixtures compared to their parameters, calcu-

lated on the basis of the percentage of components in the mix-

ture, is valid for co-crystals with DATB and TATB, for co-crystals

containing cis-HNS and HNAB there is not such a significant dif-

ference, and the opposite finding was found for cocrystals 𝛽-

CL20/BCHMX. 
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