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Abstract

Earlier reported methods for cocrystallization of EMs especially nitramines are lacking with selectivity and
scalability. When it comes to adoption to industrial scale production of energetic-energetic cocrystals (EECCs) it’s
more difficult. We made thorough literature survey and developed method of coagglomeration for attractive
nitramines via solvent mediated slurry method; in which Co-agglomeration of the co-precipitated micro-particles
of nitramines themselves or with polynitroarenes by the slurry method is a unique crystal engineering approach to
modify the energetic properties of attractive nitramines like CL20, HMX, BCHMX, RDX etc. The properties and
structural modification in the 60+ co-agglomerated crystals (CACs) newly prepared in our laboratory. 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 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, as in conventional crystallization. The optimization of them should be a matter of downstream technological
research.

Abstrakt

Drive uvadené metody pro kokrystalizaci EM, zejména nitraminii, postradaji selektivitu a skalovatelnost. Pokud jde
ditkladny priizkum literatury a vyvinuli metodu koaglomerace pro atraktivni nitraminy pomoci suspenzni metody
zprostredkované rozpoustédlem, ve kterém ko-aglomerace spolecné vysrazenych mikrocastic nitraminit samotnych
nebo s polynitroareny suspenzni metodou je unikdtni krystalovy inZenyrsky pristup modifikovat energetické
viastnosti atraktivnich nitraminii jako CL20, HMX, BCHMX, RDX atd. a strukturni modifikace v 60+
koaglomerovanych krystalech (CAC) nové pripravenych v nasi laboratori. Tam jsou pozoruhodné variace v
morfologiich krystalii a usporadant krystali, véetné klicovych viastnosti, jako je relativni vysoka hustota, bod tani,
rdzovd citlivost a detonacni viastnosti. Téchto CACii je v drtivé vétsiné vetsina vykazuje vlastnosti jako ko-krystaly.
Krome téchto aspektii poskytuje koaglomerace obrovské moznost vyladit klicové viastnosti a vykon stavajicich
energetickych materialii a Ize je snadno Skdlovat priomyslovou uroven. Tyto predbézné vysledky také naznacuji, ze
se na tom podileji faktory chemického inzenyrstvi piiprava CAC jako pri konvencni krystalizaci. Jejich optimalizace
by méla byt otazkou nasledny technologicky vyzkum.
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Souhrn

Toto kratké shrnuti doktorské prace miize slouzit jako odkaz na kli¢ové poznatky vyzkum vysoce vykonnych ko-
krystali energetickych materidltt (EMs) pomoci Skéalovatelného ko-aglomera¢niho ptistupu pro ptipadné budouci
aplikace téchto ko-krystald ve vSech specidlnich ¢innostech jak v civilnich, tak vesmirnych a vojenskych oblasti.

Technika ko-krystalizace EMs ma perspektivu Sirokého vyuziti, nicméné fada studii je stale ve fazi vyzkumu a
nékteré kritické problémy ziistavaji nevyteseny. Ko-krystalizace je spolehlivy a nakladove efektivni ptistup k ladéni
energetickych vlastnosti stavajicich EMs bez nutnosti syntézy novych molekul. VEétsi vyzvou je Skalovatelnost.
Velkokapacitni vyrobni metody mohou produkovat vysoce kvalitni krystaly, ale v tomto procesu mize dochazet i
k nezadouci nukleaci, kterda ztézuje udrzeni rovnomérné velikosti krystalti pro pozadované aplikace. Ziskani
energetickych ko-krystali (EECCs) s vhodnou hustotou energie (objemovy obsah energie), bezpe¢nosti a vykonem
pro danou aplikaci vS8ak zatim neni jednoduché. V praci se pise o ko-aglomeratech (CACs), coz jsou smési ko-
krystalt s piebytkem jednoho koformeru, v mnohych ptipadech jsou izolovany ,,Cisté ko-krystaly.

Na Ustavu energetickych materiald Fakulty chemicko-technologické Univerzity Pardubice jsme vyzkouseli
tvarovou a optimalizovanou metodu modifikace EM; nakonec jsme vyvinuli univerzalni strategii s koagulaci v
rozpoustédle na bazi suspenze (v niz jsou koformery velmi malo rozpustné), kterd je piijatelnéjsi z hlediska

vvvvvv

Tato metoda je prakticky inovativni ko-krystalizaci v suspenzi, v literatufe obecné klasifikovanou jako "Slurry
method", kterd ve srovnani s ko-krystalizaci rozpoustédlovou vyrazné zkracuje dobu zpracovani a sniZzuje mnozstvi
rozpoustédel. Poskytuje jemné ko-krystaly (prakticky mikro-ko-krystaly) velmi dobré kvality. Zajimavé jsou ko-
krystaly cyklickych nitramint s 1,3-diamino- a 1,3,5-triamino-2,4,6-trinitrobenzenem (DATB a TATB) s 6-1,3,5,7-
tetranitro-1,3,5,7-tetrazokanem (5-HMX), pficemz TATB pisobi jako protispékava piisada (pro molarni pomér
HMX/TATB 1,00/0,12 jsou IS = 50 J a vypoctena D = 9,3 km/s). Ko-krystaly cyklickych nitramint s cis-
2,2'4,4',6,6'-hexanitrostilbenem (HNS) a 2,2'4,4',6,6'-hexanitroazobenzenem (HNAB) vykazuje vyssi odolnost
proti narazu neZ jejich ¢isté koformery, pfi¢emz 3-HMX/cis-HNS pti molarnim poméru 1,00/0,11 m4 IS = 47 J (pro
TNT je to 39,4 J) a vypoctenou D = 8,9 km/s. Ko-aglomerace stericky pieplnénych nitramint e-CL20 a BCHMX
poskytla produkt B-CL20/BCHMX s molarnim pomérem 1,8/1,0, IS = 14,9 J a vypoctenou D = 9,4 km/s. Odolnost
posledné jmenovaného produktu proti narazu pievysuje odolnost jeho ¢Cistych koformeru, pfedevsim BCHMX s IS
3 J. Vzajemny molarni pomér koformeri a typ kontinualni faze vyznamné ovliviiuji ko-aglomeraci. Protogenni
rozpoustédla Casto poskytuji lepsi morfologii nez aproticka prostiedi, ale HNAB se v nich rozklada (alkoholyzuje).

Ve studovanych typech ko-krystali byl HMX pfitomen v jeho §-modifikaci, CL20 v jeho B-modifikaci a HNS v
cis-konformaci. Prostorové podobnou orientaci molekul 6-HMX a cis-HNS mizeme vysvétlit nizkou citlivost
kokrystalu 6-HMX/cis-HNS pro molarni pomér koformert 1,00/0,11. Fenomén vybusnych smési s vy$$imi
detona¢nimi parametry, vypoétenymi na zakladé procentualniho zastoupeni slozek (v porovnani s vypocetnim
vystupem CHEETAH), je pozorovan u ko-krystali s DATB a TATB, slabsi pak u ko-krystali s cis-HNS a HNAB.
Opak byl zjistén u ko-krystali f-CL20/BCHMX. Koaglomerat B-HMX a 3,6-bis(1H-1,2,3,4-tetrazol-5-ylamino)-
1,2,4 5-tetrazinu (BTATz) poskytl produkt s ko-krystalem a-HMX/BTATz, ktery v procese ko-krystalizacce v
suspenzi s michanim pomoci kiizového michadla vykazoval nejniZsi citlivost (46 J) ze studovanych CACs tohoto
typu; ocekava se, ze a-HMX/BTATz bude mit o n&co lepsi detonacni energii nez B-HMX (6097 oproti 5864 J.g*
CHEETAH kodem).

V oblasti piedbéznych aplikacnich test nckterych pfipravenych ko-aglomerati byla pozornost vénovana
propelantim. Byly tak pfipraveny a testovany vzorky raketovych pohonnych hmot HMX/BCHMX v AP/HTPB
S nitraminy jednak ve formé¢ CACs, jednak jako mechanické smési a to ve tfech slozenich (10, 20 a 30 %) v



porovnanim se vzorky s aplikaci jen ¢isttho B-HMX vtomto kompozitu. Podobné byla testovana smés
RDX/BCHMX ve stfelném pistolovém prachu (obdoba Svycarského vyrobku ECL120). V pripadé CAC
HMX/BCHMX se ukézala velmi dobrd morfologicka kompatibilita, termochemické vlastnosti a pti 20% podilu
vykazaly optiméalni rychlost hotfeni ve srovnani s ¢istym HMX i fyzikdlnimi smésmi. Také ve srovnéni s diive v
literatuie uvaddénymi kompozitnimi pohonnymi hmotami vykazovaly HMX/BCHMX CAC relativné dobré
rychlosti hoteni (7-9 mm.s-1). V piipadé pistolového paliva vykézal ptidavek 2 % BCHMX do RDX/BCHMX
CACs ve srovnani s ¢istymi RDX kompozicemi pozitivni vysledky. Jeden z nejcitlivéjsich CL20/BHMX (mol.
hodnotu urychlovaci schopnosti v dané konstrukci rozbusky. Nepodatilo se v rozbuskach otestovat kompozity a-
HMX/polyanilin se zna¢n¢ sniZzenou citlivosti na naraz ale zvysenou citlivosti k elektrické jiskte.

Z hlediska citlivosti k narazu je ziejmé, ze ve vétsing piipadi jsou nitraminové koformery stabilizovany proti této
iniciaci. Molarni pomér koformert zde hraje klicovou roli v proménlivosti narazové citlivosti kokrystald, konkrétné
u stericky stisnénych CL20 a BCHMX, ale pii molarnim pomé 1:1,8 ma tento ko-Krystal v&tsi resistenci viaci narazu,
jako ¢isté koformery. Také v ptipadé HNS a HNAB se mirné zmény molarnich poméra dosti promitaly do citlivosti
na naraz. Stejné tak proces krystalizace béhem ko-precipitace - rychlé pfidavani rozpoustédla nebo pomalé

vvvvvv

Ze studii ko-aglomerati pomoci DTA je ziejmé, ze pocatky i piky tepelného rozpadu CAC jsou trvale o néco nizsi
nez u Cistych nitraminti. Mechanismy, kterymi koformery spolu vzajemné interaguji, jsou plné v souladu
s dosavadnimi poznatky v oboru energetickych Kko-krystali a potvrzeny i nami ziskanymi vystupy
spektroskopickych analyz, a ty mohou byt pfi¢inou nizsi tepelné stability CACs ve srovnani s Cistymi nitraminy
(zde se také ukazuje vliv smiSeného bodu tani, ktery odstranuje stabiliza¢ni G¢inek krystalické mtizky). Zminéné
intermolekulérni interakce mohou podporovat homolyzu vazeb --N-N-- u nitramini a -N---O---H- u polynitroarent
s atomy vodiku v poloze gama vici nitroskuping. K exotermickému rozkladu dochazi v ptivodnim tepelném rozmezi
polymorfniho pfechodu CL20, a to nejen v disledku extrémniho stupné kontaktu slozek v kompozitu. Podobné
rozklad komplexu s pfenosem naboje a-HMX/polyanilin za¢ina také v teplotni oblasti jeho o - 8- pfechodu (v obou
ptipadech pohyb molekul v krystalové miizce pii polymorfnim prechodu poskozuje jeji stabilizacni ucinek).
Iniciacni reaktivita atraktivnich nitramind se obvykle zvySuje po pfidani molekul polynitrosloucenin do jejich
krystalové mtizky, zejména u molekul, které jsou stericky stisnéné. Tento efekt vSak Ize zmirnit peclivou volbou
molarniho poméru vyslednych CAC, jak ukazala nase ptedchozi zjisténi. Jako nejucinnéjsi "stabilizator" pro tyto
nitraminy se zatim ukazal TATB. Je zajimavé, ze koformer cis-HNS ma srovnatelny vliv na stabilizaci 6-HMX i
kdyZ nejodolngjsi vzorek 3-HMX/cis-HNS (1,00/0,11 s IF =47 J) mé&l mikroporézni strukturu. Z hlediska vlastnosti
vybusiny je nejvyhodnéjsi ko-aglomerat 5-HMX/TATB, jehoz vykon je srovnatelny s ¢istym f-HMX.

Pfi feSeni dil¢ich problému disertaéni prace, v zavislosti na druzich intermolekularnich interakci a jejich
vzajemnych zastoupeni ve studovanych ko-krystalech jsme nové popsali celou fadu vztahG vystupd
CACs, na strané druhé, v tom jsou zahrnuty i vystupy XPS (vazebné energie) a kvantovy vytézek fluorescence
polyanilinovych komplext s nitraminy.
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Abbreviations / Full forms of codes

a, B, v, € and 6 - HMX
a, B, v, € and & -CL20/HNIW

AH;

Qc

P

D

Edeton

Dv(50) & Dv(90)
Ear 50 % & Eqr 95%
°C/C

K

MPa

CCs
CACs
LOVA
PM / Phy Mix
PXRD
FESEM
FTIR
DTA
DSC
TGA
DMA
VST
1,4 DNI
2,4 DNI
4,5 MDNI
ADNP
AMTN
ANPyO
AN

AP
aTRz
BCHMX
BTF
BTNEN

Four polymorphic modifications of 1,3,5,7-tetranitro-1,3,5,7-tetrazocane
Four polymorphic modifications of 2,4,8,10,12-Hexanitro-2,4,8,10,12-hexaza-
isowurtzitane

Enthalpy of formation

Heat of combustion

Detonation pressure

Detonation velocity

Energy of detonation,

50 & 90 % of the cumulative volume distribution of particles
Impact sensitivity- drop energy 50% and 95% probabilities of initiation
Celsius degree

Kelvin degree

Mega Pascal

Milligram

Minute(time)

Milliliter

Glass transition temperature

Large-scale

Co-precipitate

Cocrystals

Coagglomerated crystals

Low vulnerability ammunition

Physical mixture

Powder X-ray diffraction

Field emission scanning electron microscopy
Infra-red Raman spectroscopy

Differential thermal analysis

Differential scanning colorimetry
Thermogravimetric analysis

Dynamic mechanical analysis

Vacuum Stability test

1,4-dinitroimidazole

2,4-dinitroimidazole

4,5-dinitro-1-methylimidazole
4-amino-3,5-dinitropyrazole
1-amino-3-methyl-1,2,3-triazoliumnitrate
2,6-diamino-3,5-dinitropyridine-1-oxide

Ammonium nitrate

Ammonium per chlorate

Az0-bis-1,2 4-triazole
1,3,4,6-Tetranitrooctahydroimidazo-[4,5-d]imidazole
Benzotrifuroxane

1,2,4-Butanetriol trinitrate

viii



CAM g-caprolactone monomer

CL20 /HNIW 2,4,6,8,10,12 - Hexanitro - 2,4,6,8,10,12 - hexaazaisowurtzitane
DADP Diacetone diperoxide

DAF 3,4-diaminofurazan

DATB 1,3-Diamino-2,4,6-trinitrobenzene

DMF Dimethyl formaldyhyde

DMSO Dimethyl suifoxide

DNB Dinitrobenzene

DNBT 5,5'-dinitro-2H,2H’-3,3’-bi-1,2,4-triazole
DNDAP 2,4-dinitro-2,4-diazapentane

DNI dinitroimidazole

DNMT 1-methyl-3,5-dinitro-1,2,4-triazole

DNP 2,4-Dinitrophenol

DNT 1-Methyl-2,4-dinitrobenzene

FOX-7 1,1-diamino-2,2-dinitroethene

H20, Hydrogen peroxide

HMPT hexamethylphosphoramide

HMX 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane
HNAB 2,2’ 4,4’ 6,6’-Hexanitroazobenzene

HNTO hydrazine 3-nitro-1,2,4-triazol-5-one

HNS 2,2’.4,4°,6,6’-Hexanitrostilbene

HTPB Hydroxyl-terminated polybutadiene

MDNT 1-methyl-3,5-dinitro-1,2,4-triazole

MTNI 1-methyl-3,5-dinitro-1,2,4-imidazole
MTNP 1-methyl-3,4,5-trinitropyrazole

n-K6 or Keto-RDX 2-0x0-1,3,5-trinitro-1,3,5-triazacyclohexane, K6
NC Nitrocellulose

NM Nitromethane

NMP N-methyl-2-pyrrolidone

N-O---H Hydrogen bonding

NT Nitrotoluene

NTO 3-nitro-1,2,4-triaole-5-one

PANiI Polyaniline

PETN Pentaerythritol tetranitrate

PVAC Polyvinyl acetate

RDX 1,3,5-Trinitro-1,3,5-triazacyclohexane
TATB 1,3,5-Triamino-2,4,6-trinitrobenzene

TATP triacetone triperoxide

TCTNB 1,3,5- trichloro-2,4,6-trinitrobenzene

TEX 4,10-dinitro-2,6,8,12,-tetraoxa-4,10-diazasowurtzitane
TFAZ TH-trifurazano[3,4-b:3',4'-f:3",4"-d]azepine
TMS tetramethylene sulfone

TNAZ 1,3,3 - Trinitroazetidine

TNP 1,3,5-Trinitro-1,3-diazacyclohexane

TNT 2, 4, 6,-Trinitrotoluene
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Aim of the Study

Indeed, essentially, cocrystallization is a credible, productive, and cost-effective way to tune the energetic
properties of existing EMs instead of undergoing or switching to new molecule synthesis. However, the
crystal engineering techniques reported in literature are fraught with challenges when comes to large scale
preparations to employ defense and civil applications. The more important challenge here is scalability,
when it comes to large scale preparation methods can give good quality of crystals, and at the same time

they are possibly undergo nucleation and its complex maintain required application crystalline sizes.

Achieving effective energy-energetic cocrystals (EECCs) with holding their energy density/ bulk density,
safety, and performance as required for the application is also challenging task. Especially come to their
physiochemical with detonation properties it must be fulfilled their inherent high sensitivity and high

reactivity contribution EECCs is leads to energy — safety contradiction, same time it needed to be stabilized.

Also, sometime during the preparation solubility of coformers generally leads to two kinds of crystals with
recrystallization without undergoing cocrystallization. Similarly, morphology of EECCs end up with rod
like or needle like structures which makes them incompetent to use in applications. There are still few
barriers in this field's future, but there is no denying that cocrystallization technology will be crucial to the
creation of the newest forms of EMs, pyrotechnics, and for propellants additives.

Keeping these all aspects the preparation of EECCs as per current applications requirement, is challenging
and tedious endeavor; it made to us look into alternative optimized method or modification existing method

which can be able to helpful in production of EECCs in large scale.

At Institute of Energetic Materials, Faculty of Chemical Technology, University of Pardubice we tried,
created, and optimized method to modify the EMs finally developed universal strategy up with slurry based
coagglomeration in solution state which is more compatible safety wise as well to more effective in tuning
energy - safety parameters with controlling their morphology too. Obtained results discussed throughout

this thesis.
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Mechanical sensitivity of cocrystals
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cocrystals
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1. Introduction

1.1 Research background

The energetic materials (EMs - explosives, propellants, and pyrotechnics) are used widely for military as
well as civil applications[1]. Researchers synthesized various EMs based on the requirements; however,
synthetic methods are slowly reaching saturation. More attractive energetic materials exhibit inherits impact
sensitivity. To overcome this property, there are several efforts made by researchers to achieve energy-
safety balanced EMs. Several methods came into existence, like improved crystallization, coating with
insensitive materials to modification of surface morphology and shapes of the crystals [2], mixing with
energetic/non-energetic materials, polymer coating [3] cocrystallization(Figure 1 & 2) etc.

L g

Energetic conformer A Conformer B Energetic CCs
(Energetic / Non-energetic)

Cocrystals
(anhydrous/nonsolvated)
A:B

te

Hydrated
/solvated
Salt

cocrystals
e

Figure 1.1 a) Schematic of Cocrystals(CCs) of energetic materials; if coformer B is energetic its known as
Energetic-Energetic Cocrystals (EECCs) and b) Multi-component solid forms inherently overlap with one
another and in addition they can exhibit polymorphism; recreated from reference [4]

These efforts continued; however, approaches slowly focused along with sensitivity, the key research
components thermal stability and detonation properties of EMs [5]. Later, cocrystallization with energetic-

energetic materials begins. Initially, it did not much grab the attention from researchers, but gradually from



2010 onwards, it became a hot topic for researchers from both scientific as well as technological points of
view. We made efforts and made it compatible and easily scalable with a high-purity achievable approach,
i.e., via coprecipitation followed by coagglomeration.

Hoping our research can be a reference to exploring high-performance cocrystals energetic materials in
scalable approach in application in future application in all special activities of the space and military

purposes [6]. Because there is plenty of potential in this approach that needs to be explored.

1.2 Research & developments in cocrystallization of energetic materials

The cocrystallization is beginning more attraction to researchers rather than synthesizing new materials as
an alternative route in development of the novel properties with existing energetic materials [6, 7](Figure
1). This method also helps to alter the physical chemical as well as performance and strengthen safety of
the EMs[7]. Its most promising method to develop excellent energetic materials as it can achieve a favorable
balance between high energy and low sensitivity for the energetic materials by tuning their components and
ratios [4, 6, 7].

1978 2011 2013 2015 2017 2019 2021 2023
HMX/AP; First CL20/TNT HMX/NMP TXTNB (CCs first time ADNP/DAF(first ~ CL20/2,4 DNI, HMX/ANPYO, PANi & BTATZ
time prepared CCs(First with halegen bonds & castable ECCs), CL20/TNP, HMX/BTNEN,  with CL20, HMX,
CCs time EECCs), muted impact), CL20/MTNP, CL20/TFAZ CL20/TATB, BCHMX, & RDX
CL20/BTF, CL20/DNMT, CL20/AMTN, HMX/TATB, CL20/BCHMX
HMX/TATB CL20/DNP, CL20/TATB, CL20/NQ BCHMX/TATB,
HMX/TNT RDX/TATB
1962 2010 2012 2014 2016 2018 2020 2022
HMX/DMF; TNT CCs (First CL20/HMX CCs CL20/NMP, CL20/H202(first CL20/DNDAP, CL20/4, 5 MDNI, CL20/MTNI,
First EMs time recoin CCs  (Firsttime EECCs, CL20/DNB CCs with CL20/TNB, CL20/TKX-50 RDX/TATB, HNS
solvate as CCs  employing Crystal with enhanced mutated power), CL20/RDX CL20/DATB, & HNAB with
engineering) energy content and CL20/DNT, HMX/DATB, CL20, HMX,
impact), CL20/DNB, CL20/MDNT BCHMX/DATB, BCHMX, & RDX
CL20/HMX RDX/DATB CL20/BCHMX

Figure 1.2. Schematic road map - evaluation of Cocrystals in attractive nitramines

Considering these aspects their huge research and development have been happening in cocrystallization
of EMs, not only preparations there is huge research also happened in simulation to understand the
intermolecular structural orientations and compatibility [7-9]. Cocrystallization of EMs mainly two ways
one cocrystallization with non-energetic material and another is cocrystallization with energetic molecule.
Further, confirmation of cocrystallization; if single crystal grown successfully characterization is easier and
otherwise bit challenging [11]. There are different methods of preparations (discussed in section 1.3) which

varies with thermochemical and instrumental conditions [12].



1.3 Preparation methods / techniques

1.3.1 Evaporation crystallization

Evaporation crystallization is the most commonly used method in cocrystallization, mainly used for
development or to grow single crystals of cocrystals(Table 1). In this method complete crystallization was
carried out via solvent allowed to slow evaporation. Selection of solvents is challenging in this method due
to both conformers great difference in solubility[13]. The crystal free-growth shapes are not controllable in
this method, yielded single crystals more beneficial to scientific studies than technological application viz.
sometimes crystals appeared to be sharp needles possess mechanical sensitivity will be retained or
increased(Table 1) [6, 11, 13]. In addition to this sometimes there might be formation of solvate usage of
large amount of solvent, long time, larger crystals, these might cause low yield irregular shape and size etc.
of cocrystals [12]. However, there are supplement methods were developed with this method to improve
this method especially to do fast evaporation; still these problems are not avoidable completely especially
there is chances of solvate formation, difficult to separate, and low yields, it creates uncertainty in feasibility
to scale up production of CCs of EMs due to different shapes of EECCs (Table 1).

Table 1.1 EECCs of attractive nitramines using evaporation method

Sr

No’s Cocrystal (A/B) Solvent system Particle size Shape Ref.
1 CL20/TNT EtOH <500 pm hexahedral cubicles [15]
2 CL20/BTF EtOH NA hexagonal elongated [16]

EtAc/DMK/Toluene/
3 CL20/TNT CH,Cla > 100 um NA [17]
4 CL20/DNB EtOH > 100 um Block prism [18]
4 CL20/MTNP EtAc > 100 pm Irregular blocks [19]
5 CL20/RDX ACN > 50 um Rods like [20]
6 CL20/AMTN EtOH/EtAc > 100 um NA [21]
7 CL-2072,4- EtOH > 100 pm hexahedral prism
MDNI

CL-20/4,5- . [22]
8 MDNI EtOH > 100 pm broken rods like
9 CL20/MTNP EtOH 500 um Flattened square [23]
10 CL20/HMX DMK; DMK+H20 20 - 100 pm Irregular [24]
11 CL-20/1,4-DNI EtAc > 100 pm Rods like [25]
12 CL20/TNP EtAc/ DMK/ CAN NA NA [26]
13 CL-20/pyrazine EtAc > 100 pm NA [27]
14 CL-20/pyrazine MeOH+EtAc > 100 pm NA
15 CL20/4,5-MDNI ACN > 100 pm Squared cubes 28]
16 CL20/4,5-MDNI EtOH > 100 pm Elongated cubes
17 CL-20/TFAZ H20 1mm Chunk like [29]
18 CL-20/MTNI MeOH > 100 um Irregular [30]
19 CL-20/BTF EtOH > 100 pm NA [31]
20 DNP/DAF H20 > 100 um Needle [32]
21 DNP/DAF H20+30% H202 > 100 pm Squared [32]




1.3.2 Spray drying / vapour deposition technique

In this technique process coformer EMs dissolved selective solvents then dried into a powder form by
spraying the liquid feed into a hot drying medium[33]. Recently, this technique is getting more attention
from researchers to get nano sized cocrystals with equimolar distribution of crystals. This process is quicker
and easier to get nanosized crystals, more details of the obtained crystal morphological properties shown in
Table 2. However, the safety aspect of the cocrystals preparation mainly with large-scale of this process is
not very compatible certainty due to possibly formation of flakes if crystals not dried completely (aspects
of their sensitivity). Also, difficulty in designing spray nozzle, pressure maintenance and sometimes
different masses of small droplets cannot be completely dispersed due to the uniform direction of draft and
gravity, resulting in agglomeration when not completely dried. However, there are efforts are going to scale

up this process due to it being a one step process and faster and continuity[32, 33] (as shown in Table 2).

Table 1.2 EECCs of attractive nitramines using spray drying method

SrNo’s  Cocrystal (A/B) Solvent system Particle size Shape Ref.

1 HMX/AP DMSO 30-300 microns NA [36]
n-Ké/n-RDX

2 Keto-RDX (2-0x0-1,3,5-trinitro- DMK 82 nm hexago”al' flat [37]
1,3,5-triazacyclohexane, K6) crystals

3 HMX/TNT DMK 50 - 200 nm Spherical [38]

4 CL-20/HMX DMK 50 -100 nm Spherical [39]
CL-20/HMX DMK 100 Mm

5 CL20/HMX DMK 100 Mm Spherical [40]

6 CL20/HMX + PVAC DMK 100 -1000 nm Spherical [41]

7 CL-20/DNDAP MeAc 0.5-5um Spherical [42]

8 CL20/TNT EtAc 200 nm Irregular [35]

9 CL20/DNB BuOn 100 to 500 nm Irregular [35]

10 CL20/TNB n-BuAc 200 to 600 nm Irregular [35]

12 CL-20/ 2,4-DNI DMK 518.25 nm Spherical beeds [34]

13 CL-20/NQ DMSO > 50 um Spherical [43]
CL20/HMX/DOS Hall ked

14 CL20/HMX/PVAc ACN +1pm a OV}’I;‘E;‘Q’W € [44]
CL20/HMX/PVB

1.3.3 Slurry technique

This technique is usually a solvent mediated one, both coformers dissolved in solution made them
controlled evaporations of the solvent. Slurry forms initial stage later the dried cocrystals obtained which
are controlled size and shape by means of the stirring process used and solvent addition variation etc. This
method is easily adaptable to larger scale productions the compatible to scale up. This method both
coformers undergo good reaction to each other in solvent medium with controlled size growth of the

crystals. The risk of adulteration with external materials is low, as the technique involves only physical



bonding and the obtained cocrystals are also with structural homogeneity[45](as shown in Table 3). So, it
also generally known as reaction cocrystallization and it has been extensively used as an efficient,
straightforward cocrystallization screening method, but only few attempts at utilizing this method for
scaled-up cocrystal production have been undertaken and none have realized its full potential by utilizing
solid dosing and process analytical technology, semi batch reaction cocrystallization (SBRC) provided the
first scale-up of high quality CL-20/HMX cocrystal (Table 3).

1.3.4 Vacuum freeze drying

In this process solution of EMs in which a completely frozen form is placed under a vacuum in order to
remove solvents, allowing to sublimate i.e., the ice to change directly from a solid to a vapor without passing
through a liquid phase so it also known as sublimation drying. This method is very helpful in achieving the
ultrafine nano cocrystals of the EMs. In the vacuum freeze drying process, the solution was frozen quickly
so that the process of particles of co-crystal growth and aggregation was very short which was helpful to
form the nano-sized co-crystals [11, 41].

Table 1.3 EECCs of attractive nitramines using slurry method

SrNo’s (;’O((Xyéga Method used Solvent system Particle size Shape Ref.
prismatic type
1 HMX/TATB SLM-Coprecipitation DMSO/H20 20 - 30 um microstructure [46]
without apparent
crystal edges
CL20/TNT , Various organic . .
2 CL20/HMX SLM & EVM solvents 100 pMm Hexagonal prismatic [47]
3 CL20/HMX SLM & EVM Acetone & >100 uM Irregular Squared & [48]
Acetone/propanol pentagon
Prism shaped with
4 CL20/TNT SLM-Coprecipitation EtAc+Dextrin/H20 100 uM slightly smoothened [38]
edges
5  CL-20DNMT ~ S-M-resonantacoustic ACN NA Hexagonal [49]
mixing process
6  CL20/TATB SLM-Coprecipitation DMSO >3 5um  Hexagonal irregular [50]
bulk crystals
7 CL20/HMX SLM-Beed milling H20/PVA <200 nm Squared cubes [51]
8 CL20/MDNT SLM-Solvent agitation ACN > 100 um NA [52]
9 CL20/RDX SLM-Ball milling EtOH/H20 123.8 nm Spherical [53]
10  CL20/TNT SLM-Ball milling EtOH 100 pm Regular hexahedral [54]
1 CL20/HMX SLM-_re_sonant acoustic ~ DMK/Xylene/Dextri 101 um diamond [55]
mixing process ne
12 CL-20/TNT SLM -ball milling EtOH 119.5nm Irregular spherical [56]
13 HMX/ANPyO SLM-Coprecipitation DMSO/glyxol/H20 50-150 um irregular polyhedron [57]
14 HMX/ANPYO SLM-Coprecipitation DMSO/glyxol/H20 50-150 um irregular polyhedron [57]
14 HMX/BTNEN SLM-Coprecipitation DMK/CH:Clz/hexane NA broken crystal [58]
15 CL20/HMX SLM- reaction ACN 0.02 cm cubic [59]
crystallization
16 CL-20/HMX SLM-Coprecipitation DMSO/H20 21.8 um cubic [60]
17 RDX/TATB SLM-Coprecipitation distilled water 30 - 40 pm Granules [61]
18 CL-20/MTNP Solvent agitation EtOH/IPA > 100 pm Linear [62]
19 HMX/NTO Coprecipitation H20 > 100 um Granuls [63]




This method slightly modified by eliminating freezing condition known as vacuum pyrolysis it basically
antisolvent extraction from the cocrystal solution were then applied to remove the solvent molecules from
the solvates [64]. In both methods the basic difference is vacuum drying based on water boiling point,
vacuum freeze drying based on water melting point. In this method need to maintain the continuous high

vacuum otherwise cocrystallization ends up with slurry and wet crystals.

a) Evaporation crystallization b) Slurry Technique

\i‘olvent vapour

c) Vacuum freeze drying d) Spray drying / Vapour deposition
method

EMs solution feed
1 ) e “\
Vacuum : ' =

High pressure & '
High Temperature ’ 4

Figure 1.3 Schematic representation of different cocrystallization methods
1.4 Components shaping cocrystals - Intermolecular interactions

Usually, the individual coformers exhibits hydrogen bonding between them to form a stabilized crystal
lattice. Further, several researchers found that in cocrystals the coformers connected by attractive

intermolecular / interlayered electrostatic interactions[8](see Figure 4 [65]).

These interactions also help to stabilize both coformers in the single crystal lattice i.e., in cocrystal form.
According to the component and structural types of the objects involved in the interactions, intermolecular
interaction (noncovalent interaction) is divided into van der Waals interaction (dispersion interaction) and
electrostatic interaction (Coulomb interaction). Chemically, they are also be referred to as hydrogen

bonding (HB), halogen bonding, or stacking[5, 7, 60].



Figure 1. 4 Schematic of the
intra- and inter-layered
intermolecular interactions. The

Intra-layered interactions ~ thickness of the lines represents

the strength of intermolecular

‘_I Inter-layered interactions interactions: the thicker line
' suggests stronger interactions

(Recreated from Ref. [64]).

1.4.1 Hydrogen bonding

When a molecule can act as a hydrogen bond donor, the hydrogen or hydrogens in question are
characterized by relatively strongly positive molecular surface electrostatic potentials. Hydrogen bonding
involves a donor and an acceptor containing an acidic hydrogen atom and an electronegative atom (N, O,
F, etc.), respectively[67] (Figure 5). Hydrogen bonding consequently tends to be less directional than
halogen bonding and other c-hole interactions[68]. Hydrogen bonds can be classified based on their bond
energy as weak, moderate, and strong[69]. However, in case energetic molecules are usually shortage of

active hydrogen atoms and cannot form strong hydrogen bonds[68](See Figure 5 & 6).

Non hydrogen containing / H-accepter
energetic coformer

v

Figure 1.5 Schematic of coformers interactions in crystalline lattice one hydrogen containing energetic

Hydrogen containing / H-donor
coformer acts as hydrogen donor and nonhydrogen containing energetic coformer hydrogen accepter with

energetic coformer
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hydrogen bonding and intermolecular interactions(as shown in Figure X2) between both coformers forms
EECCs (Recreated from Ref.[70]).

Generally, strong hydrogen bonds are shorter, which strongly influences formation of stable cocrystal[71].
Not only in cocrystals, for example the complete nitration of the polyamino-arenes to its poly-nitro
derivative like 1,3,5-triamino-2,4,6-trinitriobenzene (TATB) increases it chemical stability with formation
of short intra- and inter-molecular H-bonding[72] (see Figure 7). Hydrogen bonds also have an obvious
effect on trigger bond lengths when it undergoes cocrystallization for nitramine like HMX with MDNI[73].
In case of crowded molecule like CL-20 undergo cocrystallization with TNT, HMX, RDX, FOX-7, MDNT
and TEX; primarily H-bonding formation take place -NO; bonds and hydrogen atoms viaH - - - OorH - -
- N bonds [61,62](See Figure 5 & 6). However, these H-bonding interactions in which are bonded to carbon
atoms are not refereed to be hydrogen bonds, these interactions are the result of molecular

packing[16](which discussed in detail section 1.4.5).
1.4.2 n -Stacking (n-m & n-m)

An intermolecular stacking between the two coformers is denoted as w-stacking if this interaction lone pair
of one coformer with n-structure of other referred as n- x stacking and similarly if both & it denoted as 7 -
7 stacking. This stacking possesses a donor-accepter couple of both coformers. 7 -n stacking stronger, well
studied whereas n -r stacking weaker and still needs to be studied actively, usually it occurs crystals stacked
planar molecules with strong hydrogen doners and acceptors[5, 60, 70]. These stacking changes actively
influence intermolecular arrangement and respond to stimuli via converting mechanical to intermolecular
interaction energy which disperse throughout stacked layers of the EECCs - in ascending order;
wavelike(layer-by-layer), crossed(caged), face-to-face (sandwich) and followed by mixed stackings[78],
[79](see Figure 7). These m- stacking interactions between -NO, groups & aromatic rings, form
herringbone-like structure via stacking groups[80]. Even though PETN, RDX, HMX, and CL-20 lack
conjugated frames, their molecular stacking patterns can still be directly described using the stacking pattern

of molecules that are in closer contact with one another[81].

1.4.3 van der Waals interactions

van der Waals forces one of kind of intermolecular interactions very different from the hydrogen bonds;
which composed of polarization and charge transfer effects[69,70]. Normally, the distances of
intermolecular forces (van der Waals interactions and HB) are in the range of 3.10-5.03 A and 1.10-3.10
A[84]. This interaction forces enhance bond lengths of N-NO, bond in EECCs interaction with aromatic
coformer like DNT[85]. Also this interaction forces weaker cause frozen effect for coformers in EECCs

(AEfrozen)[86]. Along with HBs these interactions play a key role in improving density of the EECCs.
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CL20/DNB

BTF/DNB CL20/2,4 MDNI

2CL20/HMX

Figure 1.6 3D Single crystal XRD molecular structures of EECCs of nitramines, here, orange coloured
bonds indicates pure hydrogen bonds whereas blue coloure bonds indicates electrostatic intermolecular
short contacts developed between both coformers during cocrystallization. CL20/TNT[15]; CL20/BTF[16];
CL20/DNB[18]; BTF/DNB[87]; CL20/2,4 MDNI[22]; CL20/Pyrazine[27]; CL20/2,4 DNI[25] and
2CL20/HMX[48].
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Van der Waals and weak steric intermolecular interactions may be the primary causes of the formation of
CL-20/MTNP cocrystal as a typical example with high density. Even though hydrogen bonds are the
strongest intermolecular interactions, and all others are much weaker, they all have a significant impact on

the final physical properties[12].

1.4.4 Packing of structures - layered stacking, chanal stacking, caged stacking

Packing of structures plays an important role in defining sensitivity and performances of EECCs. The
detonation properties, sensitivity, and other parameters of EMs are essentially determined by the packing
configuration[88]. We first concentrate on the packing arrangements e.g., CL-20-based EECCs as

examples, which have the same CL-20 component but various coformers[74,79].
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Figure 1.7 Schematic of the principle of crystal packing-impact sensitivity relationship by zn-stacked
energetic crystals with few suitable examples. Third column, four arrows symbolize interlayer sliding
directions (right/left and up/down) of inter layer sliding allowed (green), not allowed (red) and partially
allowed (red/green) of four kinds stacking. The bottom plots show packing modes and inter/intramolecular
potential (p)—sliding distance (d) dependencies of four kinds of stacking. o and B denote the sliding along
left/right and back/front, respectively(Recreated from Refs.[88, 89])

The strongest of these three intermolecular interactions, HB, strengthens crystal packing by enhancing

interactions between component molecules, while stacking, especially face-to-face stacking, tends to reduce
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the mechanical sensitivity of energetic crystals (see Figure 7). Halogen bonding is thought to be rare, but it
can potentially alter the molecular stacking structure through cocrystallization[8]. Further layered packing
is less sensitive[91] however if sheet-like or herring-bone lattice structures they are more sensitive similarly
if its zig-zag packing makes more stable crystal lattice[80, 82]. A thorough examination using single crystal
X-ray diffraction to analyze structural variables revealed the significance of weak interactions, particularly
- interactions and hydrogen bonds in close packing[67]. It should be noted that packing efficiency, which
may be confirmed by an analysis of packing coefficients, also adds to an EMs high density for e.g., e-CL-
20/TNTI5, 77, 84]. These are key intermolecular aspects of cocrystals briefly covered here that play an
important role in crystal engineering; instead of creating new molecules with the desired properties, packing

structures and physicochemical properties can be changed by manipulating existing molecules[79, 85].

1.5 Thermochemical properties of cocrystals

Thermal stability and sensitivity are our main concerns with regard to energy materials because inadequate
thermal stabilities greatly restrict their application. A crucial factor in determining the thermal behavior and
assessing the potential of energetic materials for real-world use is thermal analysis[94]. The cocrystal has
exceptional thermal stability and a rapid rate of energy release, according to thermal studies and calculations
of detonation characteristics[50]. The EECCs crystal packing and their lattice energy causes significant
change in thermal behaviour[95]. Therefore, based on the observed thermal data it is differentiable as
physical mixture and no clear differences in thermal stability were attributable to cocrystallization[96].
Same time significant significant inconsistence between impact sensitivity and thermal stability, or the high

thermal stability does not essentially imply the low impact sensitivity[6].

1.5.1 Decomposition temperature

Continuing activity in the thermal stability needed to focus on decomposition temperatures of EECCs and
compared with the pure coformer EMs. Because, it’s also necessary to adopt new storage and transport
conditions to avoid self-accelerating decomposition temperature(SADT)[97]. Usually, CCs exhibits
decomposition at slightly lesser temperatures than that of pure coformers[30]. Some cases slight increase
also takes place[98](see Figure 8). Overall the cocrystallization alters physicochemical behavior including
melting and decomposition temperatures (5 — 10 C) based on intermolecular interactions and crystal
packing[55](as shown in Table 4). It happens due to initial reactive products of the coformer A further
reacts with coformer B heat will be carry forward and come contact with high temperature before leaving
the crystal surface it makes initiation E.g., CL20/HMX[55]. However, cocrystals withstand the initial

endothermic changes to a certain extent. Further detailed study of thermal behaviour at different heating
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rates of EECCs found that decomposition temperature directly dependent on heating rate[30,89,90](See
Figure 8).

heatr »

-~

(i) (ii) (iii)

Figure 1.8 Schematic of thermal behaviour of the CCs — (i) heating of the nitramine-heat supply surround
the surface of cocrystal surface; (ii) heat absorbed makes polymorphic change in nitramine crystal and
coformer intermediate conversion; (iii) cracking of the nitramine crystal (for HMX, BCHMX and CL20 see
in paperl7); (iv) spontaneous decomposition and/or explosion[101].

The amount of decomposition products grows as the temperature rises during the thermal breakdown
process, but the time to equilibrium and potential energy decrease[102]. Although, the decomposition
temperature modified by certain extent selective cocrystallization with TATB is a type of explosive that is
thermally stable and insensitive e.g., HMX/TATB [98].

1.5.2 Heat of combustion and Enthalpy of formation(4 Hrorm.)

In order to evaluate the performance of the EECCs as part of application, enthalpy of formation(4Hiorm.)
needed to calculate the on the basis of their heat of combustion measurements [103] and basis of obtained
data it’s possible to calculate thermochemical and detonation parameters using CHEETAH and Explo5
codes [104, 105](See Table 7). However, researchers more focused on scientific work in EECCs needed to
be also technologically orientated. Usually, the mentioned calculations are carried out by using Hess law
[106]. Heat release rate has a big importance for the combustion and mainly detonation performance of
these EECCs; also dependents on stoichiometric ratio of coformers and reaction conditions [54, 100].
Enthalpy of formation, 4Hm, indicates the energetic content EECCs; higher heat of combustion
corresponds to the lower energetic content and the 4Hwm Vvalues with oxygen balance affect heat of
detonation [13, 101]. It also follows, and confirmed, that there is a direct very good linear relationship
between the heat of combustion and the experimental relative explosive strength of explosives [109]. Inert
heating, thermal decomposition (or the beginning of gasification), main flame occurrence, secondary flame
development, "snap-back,” and establishment of steady-state combustion were all terms used to

characterize the ignition process[110].
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Table 1.4 Decomposition temperatures EECCs of attractive nitramines

Decomposition Temp /

SrNo’s Cocrystal oC Technique used Ref.
1 CL20/TNT 150 DSC [15]
2 HMX/TATB 284.9 DSC [46]
3 CL20/BTF 235 DSC-TG [16]
4 CL20/HMX 240 DSC / Hot stage [111]

microscope

5 CL20/TNT 212 TGA-DSC [17]
6 CL20/DNB 242 DSC-TG [18]
7 CL-20/DNMT NA DSC [49]
8 HMX/TATB 2318C DSC-TG [50]
9 n-K6/n-RDX 234 DSC [37]
10 HMX/TNT 290 DSC [38]
11 CL20/MDNT NA DSC [52]
12 CL20/HMX 246.8 DSC [40]
13 CL-20/NQ 2293 & 2574 DSC [43]
14 CL20/MTNP 222 DSC [19]
15 CL20/RDX 264.4 & 285.8 DSC [20]
16 CL20/RDX 227 DSC [53]
17 CL-20/2,4-MDNI 220 DSC [22]
18 CL-20/4,5-MDNI 220 DSC [22]
19 CL20/HMX 248 DSC [55]
20 CL-20/DNDAP 214.2 & 243.7 DSC [42]
21 CL-20/DNDAP 2235 &254.1 DSC
22 CL20/TNP 230.1 DSC [26]
23 RDX/TMS 244 TGA-DSC [64]
24 RDX/HMPT 243.7 TGA-DSC
25 CL20/4,5-MDNI 219 DSC 112
26 CL20/4,5-MDNI 222 DSC [112]
27 HMX/ANPyO 284.1 DSC [57]
28 HMX/ANPyO 284.1 DSC [57]
29 HMX/BTNEN NA DSC [58]
30 CL-20/HMX 2454 DSC [60]
31 CL-20/BTF 224.1 DSC [31]
32 DNP/DAF 2115 TGA-DSC [32]
33 RDX/TATB 244 DSC [61]
34 CL-20/MTNP 133 TGA-DSC [62]
35 HMX/NTO composite 223.75 TGA-DSC [63]

NBA:AmTz, NBA:TATOT,
36 NBA'NPTA & NBA:DAG 222, 239, 232, 310, TGA-DSC [113]
37 CL20/HMX/DOS 240 DSC
38 CL20/HMX/PVAc 242 DSC [44]
39 CL20/HMX/PVB 235 DSC
40 TT/HNT 178 DSC
41 TT/HDNT 251 DSC [114]
42 TT/TNP 218 DSC
43 HNTO/AN NA NA [115]
44 TNB/1,4-DNI 84.4 DSC [116]
45 TNB/DNMT 88.5 DSC
46 CL-20/HMX/MF 246.5 to 250.8 NA [117]




Combustion also depends on morphology of crystals, on porous RDX shown improved combustion
properties [64]. Transition metal are commonly used as combustion catalysts, these compounds increase
the efficiency of EM energy release [12]. Since more heterocycles can significantly increase the enthalpy
of material formation, Since increasing heterocycles rings in molecule can significantly increase the
enthalpy of formation, is also a assembling various nitrogen-rich heterocycles like pyrazole units a proven
method in this area as shown in paper [118]. Recent research has looked into how thermal decomposition
and combustion behavior of cocrystal are impacted by nonbonding interactions e.g., CL-20/HMX [55]. All
these aspects helpful to build the groundwork for the industrial applications of EECCs by investigating their

ignition and combustion mechanisms [12].

1.5.3 Crystal density

The most significant gains in energy density in the past 100 years have been achieved largely by increasing
the physical crystal density of HEDMs by the use of more efficiently packed crystals with high crystal
density [119]. However, excessive H atoms are disadvantageous to increase energy density because
covalent H atoms usually have a lower mass density than O and N atoms, leading to a lower crystal packing
density [70]. The density of the co-crystals prepared exceeds 99% of the theoretical maximum density of
the starting nitramines [106]. The detonation rate of explosives is proportional to the density and thus the
crystal packing of energetic materials [120] and some cases cocrystallization enhances density e.g.,
HMX/NTO [121] and BTF with different coformers [122]. Morphologically EECCs enhancement of crystal
density indicates the decrease in explosive volume and number of cavities-defects which helpful gain
detonation pressure [34, 46, 105]. Further, on other side the stacking conditions in crystal lattice of EECCs
significantly contribute doing so [83] and density gained by these intermolecular interactions defined as
cohesive energy density (CED) [124]. Also, crystals with p-n interactions shown good impact sensitivity
with high energy density content e.g., CL20/TNT and other EECCs with CL20 [77, 93]. Generally, nitrogen
rich EECCs have compact packing with strong binding strengths and packing coefficient which make them
high density and energy content [92]. However cocrystals not always have higher density than their pure
coformers as said before it also depends on crystal defects and morphology [125]. Overall, compared with
pure EMs, EECCs have shown change physiochemical properties such as solubility, stability, and density
[126].

1.6 Mechanical sensitivity of cocrystals — reaction towards external stimuli

The sensitivity of an energetic material is represented by the minimum amount of force (or energy)
applied/required to an EMs that undergoes 50/50 probability of detonation from the point of view of physics

of explosion. These tests key evaluation of safety handling of EECCs.
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Table 1.5 Thermochemical properties - EECCs of attractive nitramines

Explosive Enthalpy of formation Crystal Density
. . . i Ref

No Code design. Molar ratio AH; (kJ.mol ™) (g.cm?)

1 CL20/TNT 1:.01 NA 1.84-1.91 [15]
2 CL20/BTF 1:.01 NA 1.918 [16]
3 CL20/HMX 2:01 NA 1.945 [111]
4 HMX/NMP 1:01 NA 1.571 [120]
5 CL20/TNT 1:01 NA 1.760 [127]
6 CL20/DNB 1:01 NA 1.880 [18]
7 CL20/TNT 1:.01 NA 1.846 [18]
8 CL-20/DNMT 1:.01 NA 1.920 [49]
9 HMX/TATB 8:01 NA 1.960 [41]
10 n-K6/n-RDX 1:1&1:2 NA NA [37]
11 HMX/TNT 2:1&3:1 NA NA [38]
12 CL20/HMX 2:01 NA NA [51]
13 CL20/MDNT 1:.01 2166 1.883 [52]
14 CL-20/NQ 1:01 186.61 & 468.91 NA [43]
15 CL20/MTNP 1:.01 793.9 1.932 [19]
16 CL20/AMTN 1:01 NA 1.710 [21]
17 CL20/RDX 1:01 202.33 NA [53]
18 CL-20/2,4-MDNI 1:.01 NA 1.867 [22]
19 CL-20/4,5-MDNI 1:.01 NA 1.882 [22]
20 CL20/TNT 1:.01 NA 1.934 [54]
21 CL20/HMX 2:01 NA 1.961 [55]
22 CL-20/DNDAP 2:01 732 1.871 [42]
23 CL-20/ 2,4-DNI 1:01 -708 1.8410 2.01 [34]
24 CL-20/1,4-DNI 1:.01 NA 1.922 [25]
25 CL20/4,5-MDNI 1:.03 NA 1.813 [112]
26 CL20/4,5-MDNI 1:.01 NA 1.882

27 HMX/ANPyO 4:01 582.4 1.940 [57]
28 HMX/ANPyO 8:01 582.4 1.920 [57]
29 HMX/BTNEN 2:01 NA 1.930 [58]
30 CL-20/TFAZ 1:.01 1164.2 1.932 [29]

0.482-0.916 :
31 CL20/HMX 0.463-0.898 NA 1.954 [59]
32 CL-20/HMX 3:01 NA 1.955 [60]
NBA:AmTz, NBA:TATOT, A Ao 4 . . ) .

33 NBA:NPTA & NBA:DAG 1:1,1:2,1:1, 111 NA 1.80; 1.71; 1.74; 1.76 [113]
34 CL20/HMX/DOS Each category has

35 CL20/HMX/PVAc five different -505+13 NA [44]
36 CL20/HMX/PVB proportions

37 TT/HNT 1:.01 NA 1.492

38 TT/HDNT 2:01 NA 1.403 [114]
39 TT/TNP 1:01 NA 1.703

40 HNTO/AN 1:03 -505 + 13 NA [115]
41 TNB/1,4-DNI 1:.01 NA NA [116]
42 TNB/DNMT 1:.01 NA NA

43 CL-20/HMX/MF 2:01 NA 1.88t0 1.93 [117]
44 CL-20/MTNP 1:01 NA NA [62]
45 HMX/NTO composite 4.0:0.1 NA NA [63]
46 DNP/DAF 1:01 NA 1.68 [32]
47 DNP/DAF 1:.01 NA 1.76

Four sensitivities are generally reported for each EMs; Impact sensitivity (IS), friction sensitivity (FS), and

electrostatic discharge (ESD) and sensitivity to shock wave (SSW) — the determination of the last one needs
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a bigger amount of sample and relatively complicated equipment; therefore, it is not usually a part of the
basic research in energetic materials. Classification of EMs is based upon the sensitivity; those sensitive to
external stimuli primary explosives (IS <4 J; FS <10 N & ESD 0.002 - 0.020 J) while relatively insensitive
secondary explosives (IS >4 J; FS > 50N & ESD > 0.1 J). Cocrystallization has shown significant effect in
alteration of these sensitivities. Zeman et al studied thoroughly environmental conditions which are also
responsible for sensitizing EMs [129, 130].

Molecular point of view, mechanical perturbation of intramolecular vibrations and intramolecular
stretching due to initiation impulses (the latter gives rise to collective delocalized excitations — phonons)
leads either to energy transfer vibrations to phonons (vibrational relaxation) or energy transfer from the
phonons to vibrations (multiphonon up pumping) [131]. This disruption should go under extreme pressures
and temperatures. Still, there is evidence that the first fragmentations of energetic molecules in initiation
occur at conditions already milder than those prevailing at the front of the detonation wave and partially
already before this front [130]. It is well-known that the phonon is one of the most important elementary
excitations in solid systems as a gene related to the thermal properties and chemical stability of energetic
materials, i.e., to the lattice stability, thermal properties, vibrational spectra, and initiation mechanisms
Shown in Figure 1.9 [132].

The initiation of energetic materials by heat, impact, shock, friction, and electric spark should have a
common mechanism of primary splitting of their molecules [133]. For the study of the listed types of the
EMs initiation reactivity, the application of thermoanalytical methods is advantageous [133]. Thus, for
cyclic nitramines and PBXs at their base a logarithmic relationship between impact energies and the zero-
order isothermal decomposition rate constant has been described, according to which in the vast majority
of cases an increasing value of this constant corresponds to an increase in the impact resistance of the
investigated explosives (this relation is waiting for interpretation [130]. Similarly, the relationships between
the activation energies of thermal decomposition of nitramines, on the one hand, and both the impact and

friction sensitivities, on the other hand, are described [133].

In cocrystallization sensitivity of EECCs depends on the coformer EMs molecule selected to modify the
targeted EMs, molar ratio, and their intermolecular interactions(Section 1.4), crystallization
method(Section 1.3) as well as the obtained EECCs crystal morphology and are discussed briefly as follows
(Table 6).
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1.6.1 Impact sensitivity (1S)

The impact sensitivity determination primarily depends on many factors, especially the method of
measurement and human error. According to theoretical and synthetic chemists, due to these aspects,
corresponding outputs are not easy to correlate quantitatively with lattice parameters [129].

However, if the methodology for determining this sensitivity is strictly followed (the BAM method is
predominant in the world [134], then for pure energetic materials there are logical semilogarithmic
relationships of impact energies to characteristics of the pure EMs molecular structure, represented by the
13C or N NMR chemical shifts of the key atoms in reaction center of their molecules [109, 131]. In
connection with the above, a linear relationship between the impact energy (impact sensitivity) and net
charge of the most reactive nitro group of nitramines and polynitropolyphenylenes is also logically
described [130].

The important relation of impact sensitivity to performance (volumetric explosive heat or detonation
energy) or better to the energy content (enthalpy of formation or heat of combustion) of energetic materials.
Licht's rule that high power is usually accompanied by increased sensitivity and that an insensitive explosive
does not exhibit peak performance applies here (although there are numerous exceptions and also stated
that this result is not yet supported by theory [133, 134].

In terms of the theory of Up-Pumping [131] (Figure 1.9a) there is a good correlation between the phonon
vibration coupling model and the experimental impact and shock sensitivity of various secondary
explosives. The more complex and denser the vibrational spectrum of the material, the greater the
probability of phonon coupling with the oscillator, the faster the transfer of energy from the phonon

manifold to the intramolecular vibration mode, and the more sensitive the energetic material [137].

Theoretically shear contact with surface of EECCs initiates thermal heat transfer detonation, however,
practically there is significant difference between the thermal stability and impact sensitivity viz., high
thermal stability does not necessarily indicates low impact sensitivity; both different characteristics depends
on molecular stacking in crystal (cocrystal) [6]. The impact sensitivity of EECCs sometime “tun-on” or
“turn off” depends, for e.g., HNIW/TNT [138] decreases 87% it impact with [127] and similarly in some
cases of its increases [37]. Overall, in the majority of cases impact sensitivities of EECCs are decreased and
this phenomenal change made cocrystallization interesting for researchers. It’s also confirmed that crystal
packing-stacking pattern influence on impact; doing so n—= stacking play important role EECCs achieve
low impact [5, 116].
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Figure 1.9 a) Schematic diagram of the phonon up-pumping theory: external stimuli excite mechanical
energy transfer into doorway modes and then doorway modes up-pump to intramolecular vibrations,
which cause initiation; and b) Schematic diagram of shock-induced detonation mechanism of energetic

crystals (recreated from Ref. [132])
1.6.2 Friction sensitivity (FS)

FS measurement for EECCs, to note that that typical friction generated while handling these which

potentially initiate detonation and must be needed for those EECCs IS closer to primary explosives and it

highly dependent on equipment operator. Sometimes EMs are quite insensitive however they are more

sensitive to friction especially energetic salts. FS is also dependent morphology and size of CCs for e.g.,
HMX, nano-CCs [140]. HMX/CL20, CL20/RDX shown significant drop in impact and friction sensitivities
[11, 42, 50]. Similarly, EMs with metal oxides like CuO, ZnO with HMX shown reduction in IS however
enhancements in FS [98]. Like IS, FS for EECCs shown lower than their pure coformers which exhibited

rich hydrogen bonds and n-x stacking [6].
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Table 1.6 Sensitivities EECCs of attractive nitramines

Energetic S - Lo . s

Sr No Cocrystals (ECCs) Impact sensitivity (J) Friction sensitivity (%) Electric spark sensitivity et

, ECCs ECCs ECCs

(AB) A B ap A B (A:B) A B (A:B)
1 CL20/TNT 1‘2’1‘5 NA 2852 NA NA NA NA NA NA  [15]
2 HMX/TATB 102)0 NA  10%  NA NA NA NA NA NA  [46]

CL20/TNT,

3 Cloomivi NA  NA NA  NA NA NA NA NA NA  [47]
4 CL20/HMX 142 NA 267 NA NA NA NA NA NA  [111]
5 CL20/TNT 13 103 30 100 0 58 NA NA NA  [127]
6  CL20/DNB NA NA 9212 NA NA NA NA NA NA  [18]
7 CL20/TNT NA NA 68  NA NA NA NA NA NA  [18]

20/20 20/20
8  CL20/DNMT 28 a9 12405 72 252 120 @ 28’325? @  [49]

0.051] : 0.025)
9 HMX/TATB 225 3 3 NA NA NA NA NA NA  [128]
10 n-K6M-RDX 0 2 3w 180 168 0158 0359 0246  [37]
11 HMX/TNT 4'30 36652 15215 NA NA NA NA NA NA  [38]

20120

2020 20720

12 CL20/MDNT 196 51352 4998 72 128 120 o00s  @osy @o.Jozs [52]
13 CL20/HMX 3'50 4802 11588 100 84 64 NA NA NA  [40]
14 CL20HMX NA NA  >786 NA NA NA NA NA NA  [41]
15  CL20/MTNP 4 245 6 94 240 180 272 253 276 [19]
16 CL20/RDX 136 498 204 100 80 80 NA NA NA  [20]
17 CL20/AMTN 343 2524 1054  NA NA NA NA NA NA  [21]
18 CL20/RDX 735 20408 252 100 74 56 NA NA NA  [53]
19 CL20/TNT 3';8 23275 10535 100 49 38 NA NA NA  [54]
20 CL20/HMX 5'38 9.8 94  84-90 190-200 300330  NA NA NA  [55]
21 CL-20/DNDAP 255 17052 583 100 8 48 NA NA NA  [42]
22 CL20/TNT 4 15 75  NA NA NA NA NA NA  [35]
23 CL20/DNB 4 39 9 NA NA NA NA NA NA  [35]
24 CL20/TNB 4 14 8 NA NA NA NA NA NA  [35]
25 CL20/24DNI g0 >4901 2057 120  >360 >360 NA NA NA  [34]
26 CL-20/14-DNI 05 14 10 NA NA NA NA NA NA  [25]
27 CL-20/TNT 637 4508 1911 100% 4% 68% NA NA NA  [56]
28 CL20/45-MDNI 25 34 16 NA NA NA NA NA NA o
29 CL20/45-MDNI 25 34 11 NA NA NA NA NA na 112
30 HMX/ANPyO 4 24 8 NA NA NA NA NA NA  [57]
31 HMX/ANPYO 4 24 10 NA NA NA NA NA NA  [57]
32 CL-20TFAZ 200 le4s4 8232 100% 4% 38% NA NA NA  [29]
33 CL-20HMX 10 NA 320 80 144 168 NA NA NA  [60]
34 CL-20/MTNI 4 13 10 95 360 360 NA NA NA  [30]
35  RDX/TATB 6 NA 175 NA NA 216 NA NA NA  [61]
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Table 6. Continued...

Energetic

Sr No Cocrystals (ECCs) Impact sensitivity (J) Friction sensitivity (%) Electric spark sensitivity Ref
ECCs ECCs ECCs
(A:B) A B g A B (A:B) A B (A:B)
NBA:AmTz,
NBA:TATOT, >40 >360
36 NBANPTA & NA NA (Al NA NA (Al NA NA NA [113]
NBA:DAG
37 CL20/HMX/DOS NA NA 544336 NA NA NA NA NA NA
38 CL20/HMX/PVAc NA NA NA NA NA NA NA [44]
39 CL20/HMX/PVB NA NA NA NA NA NA NA
40 L1ITT/HNT NA NA 24 NA NA 80 NA NA NA
41 2:1 TT/HDNT NA NA >40 NA NA 168 NA NA NA [114]
42 L1TT/TNP NA NA 32 NA NA 112 NA NA NA
43 HNTO/AN NA NA NA NA NA NA NA NA NA [115]
44 TNB/1,4-DNI NA 14 18 NA NA NA NA NA NA [116]
45 TNB/DNMT NA 20 22 NA NA NA NA NA NA
46 CL-20/HMX/MF NA NA 5to 15 NA NA NA NA NA NA [117]
47 CL-20/MTNP NA NA 41028 NA NA 60 to 100 NA NA NA [62]
48 HMX/NTO NA NA 44% NA NA 40% NA NA NA [63]
59 DNP/DAF NA NA > 40 NA NA 128 NA NA NA [32]

1.6.3 Electrostatic spark discharge (ESD)

ESD measurement for EECCs based on requirement, to note that that typical static electricity build-up from
everyday activities is in the range of a few millijoules and therefore could potentially initiate detonation
and also realize their ESD initiation as technological applications. EECCs nt-electrons excitation effectively

causes ESD response, as IS and FS like n-stacking play significant role in ESD too [6].

Morphologically porous crystals with air gaps can be able to exhaust more energy of ESD spark, e.g., porous
RDX and its effectively drops with decrease particle size [64]. In addition to researchers also studied detail
the external electric field influence on the EECCs, found that -NO; groups triggering bond on the molecular
surface field i.e., electric field gradually increases, the charge of the nitro group gradually increases,

indicating that the sensitivity of the EECCs increases [67, 119]. Applied electric field the trigger the bond
such way that the direction of applied positive electric field defined as N - NO- and same time applied
negative electric field NO, = N [141] (See Figure 1.10). Keeping in mind the technological applications,

sensitivity of EECCs is an significant standard to estimation the safety and it is mainly defined as the
probability for these modified EMs to be exploded or ignited once subjected to external stimuli, including

IS, FS, ESD, shock waves, high temperature, flame combustion etc. [142].

Decreasing the electric spark sensitivity (i.e. increasing the EES values), when the grain size of nitramines’
crystals increases, confirms the idea by Auzanneau et al. [143] about the mechanism of spark energy transfer

into the powdered reactive solid, i.e., in this case, to decrease the number of inter grain points in a volume

23



unit. However, there are also dislocations in the crystals that should have some effect on this type of
energetic material initiation [142, 143].
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Figure 1.10 Schematic of electron attack on the nitramine grouping producing an aza-radical and a nitrite
anion (the first step in the nitramine electro-reduction)(recreated from Ref. [146]).

1.7 Detonation properties of cocrystals

Detonation parameters detonation velocity (D), detonation pressure (P), and detonation energy (E) are key
parameters to evaluate the performance of EECCs (Table 7). Once achieving safer in sensitive EECCs it
needed to evaluate their performance to comply with of technological application suitability [119]. Initial
assessment these parameters predicted software codes like CHEETAH and EXPLOS5, using the JCZ3
equation of state [66, 121, 122]. and by Kamlet and Jacob equations approach [149]. This key parameter
decides the EECCs alteration of their detonation power and effectiveness as like its initial coformers. D
and P will be affected by cocrystallization, packing density of EECCs lower further it directly influences
viz., higher density more promising EMs D and also it varies with molar ratios of the coformers chosen for
EECCs preparations [64, 105].

However, the detonation velocities of mixture of the explosives would be generally higher than what would
correspond to the percentage of the components in these mixtures [150] which often valid for EECCs also
[109, 124, 125], in some cases these properties are increased [16]. Another way it can described it achieve
safety and morphological suitability of EECCs needed to adjust with detonation properties slightly,
however its negligible. It occurs due to the binding energy, trigger bond energy, trigger bond length,
cohesive energy density of EECCs [153]. Earlier reported results showed that difference in detonation
velocities between the EECCs and physical mix, the crystal structure and resultant coformer bond energy
contribute to the observed difference in detonation velocities [104]. Also, researchers studied crystals
orientation dependence, (0 1 0) crystal orientation is more stable, the binding energies of the three crystal
orientations are (0 1 0) >(000) > (00 1) > (1 00). The detonation performance of PBXs will likely be

compromised given the decrease in density and detonation characteristics [153].
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Table 1.7 Detonation properties of EECCs of attractive nitramines

Energetic Cocrystals

Sr No (ECCs) Detonation velocity, D (m s?) Detonation pressure, P (GPa) Ref.
(A:B) A B ECCs (A:B) A B ECCs (A:B)
1 CL20/BTF 9385 8425 8969 44.9 34.3 39.1 [16]
2 CL20/TNT 8770 6712 8426 36.1 19.1 28.7 [127]
3 CL20/DNB 9386 5840 8434 45.09 14.18 34.07 [18]
4 CL20/TNT 9386 NA 8466 45.09 NA 33.8 [18]
5 CL20/MTNP 9406 8650 9347 44.6 33.7 405 [19]
6 CL20/AMTN 10117 7108 8863 NA NA NA [21]
7 CL-20/2,4-MDNI NA NA 8839 NA NA 34.82 [22]
8 CL-20/4,5-MDNI NA NA 8919 NA NA 35.69 [22]
9 CL20/TNT 8426 6854 8631 NA NA NA [54]
10 CL-20/DNDAP 9570 7430 8997 44.3 23.4 375 [42]
11 CL-20/TFAZ 9570 8416 9103 443 32.9 37.2 [29]
12 CL-20/ 2,4-DNI 9687 8136 9324 46 28.1 39.2 [34]
13 CL-20/1,4-DNI NA NA 9242 NA NA 39.01 [25]
14 CL20/4,5-MDNI 9386 7455 8604 45.02 23.68 34.45 [112]
15 CL20/4,5-MDNI 9386 7455 8972 45.02 23.68 38.59
16 HMX/ANPyO 9277 6810 9444 39.87 15.46 41.03 [25]
17 HMX/ANPyO 9277 6810 9387 39.87 15.46 40.44 [25]
18 HMX/BTNEN 8820 9460 9380 38.54 43.46 42.95 [58]
19 CL-20/TFAZ 9570 8416 9103 443 32.9 37.2 [29]
20 CL20/HMX NA NA NA NA NA NA [59]
21 CL-20/HMX NA NA NA NA NA NA [60]
22 CL-20/MTNI 9767 8360 9093 44.83 30.49 37.46 [30]
NBA:AmTz,
23 NBATATOT, NA NA Z.fg;{ 77%% NA NA 19D 12%2; 1700 1113
NBA:NPTA & NBA:DAG ' '

24 1:1 TT/HNT NA NA 6091 NA NA NA
25 2:1 TT/HDNT NA NA 5884 NA NA NA [114]
26 L1 TT/TNP NA NA 6903 NA NA NA
27 HNTO/AN NA NA NA NA NA NA [115]
28 TNB/1,4-DNI 7277 NA 7704 22.4 NA 26.08 [116]
29 TNB/DNMT 7277 NA 7709 224 NA 22.4
30 CL-20/HMX/MF NA NA 9200 to 9250 NA NA NA [117]
31 CL-20/MTNP NA NA 9347 NA NA 405 [62]
32 HMX/NTO composite NA NA NA NA NA NA [63]
33 DNP/DAF NA NA NA NA NA NA [32]

In C-NO; linkages needs more energy to decompose and detonate than the N-NO; linkages [154], it needs

taken care while selecting coformers all these facts to obtain better performing EECCs for military weapons

as well as civil applications. Detonation velocity and detonation pressure are only weakly dependent upon

the detonation heat released, it is typically the case for single-component explosives that a high heat of

detonation is accompanied usually by a high sensitivity [69, 129]. In other words, increasing the fraction of
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the EM coformer with the highest heat of detonation does not improve the detonation performance (P and
D) for some EECCs [155].

So, overall, it directs our interest cocrystallization is attractive strategy to produce decreased sensitivities
which helps to avoid accidental detonation with maintaining the detonation properties. However, these
methodologies still hold some intriguing challenges when it comes to large scale synthesis and are discussed

in next section

1.8 Technological challenges in preparation of cocrystals of EMs — Current research
problem.

Despite the widespread use of the cocrystallization approach in the field of EMs, certain investigations are
still in the exploratory phase, and as a result, some more difficult problems are awaiting solutions [11, 81].
In matter of fact, cocrystallization given credible productive and cost effective way to tuning energetic
properties of existing EMs instead of undergoing or switching to new molecules synthesis. However, these
crystal engineering techniques are fraught with challenges when comes to large preparation to employ
defense and civil applications. Although as discussed in section 1.3, each method of preparation holds it
clause and benefits, researchers in their open to read publications, are more focused on the scientific part
with laboratory scale due to the EMs availability and their processing laboratory capacity.

The more important challenge here is scalability, when it comes to large scale synthesis methods can give
good quality of crystals, and at the same time they are possibly undergo nucleation and its complex maintain
required application crystalline sizes [52]. Achieving effective EECCs with holding their energy density/
bulk density, safety, and performance as required for the application is also challenging task [11, 90, 130].
Especially come to their physiochemical with detonation properties it must be fulfilled their inherent high
sensitivity and high reactivity contribution EECCs is leads to energy — safety contradiction, same time it
needed to be stabilized [47, 48, 126, 131]. Also, sometime during the preparation solubility of coformers
generally leads to two kinds of crystals with recrystallization without undergoing cocrystallization [11].
Similarly, morphology of EECCs end up with rod like or needle like structures which makes them
incompetent to use in applications [158]. There are still few barriers in this field's future, but there is no
denying that cocrystallization technology will be crucial to the creation of the newest forms of EMs,
pyrotechnics, and for propellants additives [91]. Keeping these all aspects the preparation of EECCs as per
current applications requirement, is challenging and tedious endeavor; it made to us look into alternative
optimized method or modification existing method which can be able to helpful in production of EECCs in

large scale.
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At Institute of Energetic Materials, University of Pardubice we tried created and optimized method to
modify the EMs finally developed universal strategy up with slurry based coagglomeration in solution state
which is more compatible safety wise as well to more effective in tuning energy — safety parameters with
controlling their morphology too. Structure property relationships needed to address as point of EECCs
with respect their conformers, it will play very crucial role as backup data and justification to scale up [80,
97]. The coagglomeration method (section 2) fulfilled all these challenges successfully developed around
50+ agglomerated crystals (CACs) which form EECCs, and some interesting results have been briefly

presented in upcoming chapter 3.
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2.1 Materials

In recent years, nitramines (2.1.1 -2.1.4) have technically attracted researchers due to their potential
detonation properties and their applications, so we named them “attractive nitramines”. However, plenty of
applications of these nitramines can be achieved by slightly modifying their properties to attain a balanced
form. So, we chose some thermally stable EMs (2.1.4 -2.1.11) as well as nonenergetic coformer like
polyaniline (PANI) to achieve the required properties. All the nitramines and coformers molecular formulae
are shown in Figure 1.

2.1.1 RDX: 1,3,5-Trinitro-1,3,5-triazinane was a product of its former producer, Chemko Strazske

company (Eastern Slovakia).

2.1.2 HMX: }-1,3,5,7-Tetranitro-1,3,5,7-tetrazocane was imported from the Russian Federation (with

particle size close to Class 3).

2.1.3 BCHMX: cis-1,3,4,6-tetranitrooctahydroimidazo-[4,5-d]imidazole or bicyclo-HMX was
indigenously prepared at our Institute of Energetic Materials, as reported in Ref. [1, 2]. It was recrystallized
by acetone/heptane using the solvent/antisolvent technique.

2.1.4 RS-e-HNIW/ CL-20: 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane was a product of
the Explosia Pardubice pilot plant; it was converted into RS-e-CL20 with reduced impact sensitivity of 9 J

employing a patented method|[3].

2.1.5 DATB: 1,3,5-Trinitrobenzene-2,4-diamine was prepared with a purity of 98 % by the amination of
1,3,5-trinitro-2,4-dichlorobenzene in a methanolic solution [4] (the impurities were entirely removed in the

process of co-agglomeration).

2.1.6 TATB: 1,3,5-Trinitrobenzene-2,4,6-triamine was prepared with a purity of 98% by the amination of
1,3,5-trinitro-2,4,6-trichlorobenzene in a methanolic solution (the impurities were entirely removed in the

process of coagglomeration)[5].
2.1.7 HNAB: 2,2',4,4',6,6'-hexanitroazobenzene was prepared at our Institute of Energetic Materials[6].
2.1.8 HNS: trans-2,2',4,4',6,6'-hexanitrostilbene was imported from the Russian Federation

2.1.9 PAN:I: polyaniline; It was prepared at the Institute of Energetic Materials, as reported in Refs.[7],
[8].

2.1.10 BTATz: 3,6-bis(1h-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine was indigenously prepared at our

Institute of Energetic Materials[9].
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Figure 2. 1 Energetic Materials used in CACs preparations a) RDX[10], b)HMX [11], ¢c) BCHMX [2], d)
DMNA [12], e) e-CL20 [13], f) B-CL20 [14], g) DATB [15], h) TATB [16], i) HNAB [17], j) HNS [18],
k) BTATZ [19] and I) PANi (E-indicates here nitramines forming charge transfer complex with PANi) [7].

2.2 Other inexplosive chemicals / Materials

The other traditional chemicals like solvents and other materials were used as follows (their procurements).
Acetone, butanol, chloroform, dimethyl sulfoxide, dimethyl formaldehyde, and dimethyl Pyrrolidone,
ethanol, Ethyl-acetate, Ethyl-formate, Hexane, N-Methyl-2-pyrrolidone (all from Sigma Andrich).
Similarly, HTPB (Island Pyrochemical Industries prod.), ammonium per chlorate-AP (Island Pyrochemical
Industries prod.), alumina (Benda Lutz prod), dimethyl diisocyanate-DDI (Benda Lutz prod.), iron oxide
nanoparticles-y-Fe,O3 (product of the Military University of Technology in Warsaw), dioctyl adipate -ADO

(Boryszew-Erg prod.), all the chemicals used without further purification.

2.3 Characterization Methods
2.3.1 Powder X-ray diffraction (PXRD): The powder X-ray diffraction data (PXRD) of the prepared

samples were collected at room temperature with a Rigaku MiniFlex 600 powder diffractometer with
Bragg—Brentano 6 — 20 geometry using CukK, radiation (A = 1.5418 A, U = 40kV, | = 15 mA). The data
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were scanned with an ultrafast Dtex Ultra detector over the angular range of 2—-50° (26) with a step size of
0.02°.

2.3.2 Fourier transformation infra-red spectroscopy (FTIR): A Nicolet Protege 460 FTIR spectrometer

was used to record the IR spectral measurements of the samples using the transmission technique.

2.3.3 Raman spectroscopy: Raman spectra were measured with Nicolet 1s50 Raman, Thermo scientific,
using an Ar laser (A = 514.5 nm) and a semiconductor laser (A= 785 nm). The maximum output power is

1.7 mW of the light spot of the Raman spectrometer, and the spectral resolution is 1 cm™,

PANi CACs shown higher laser sensitivity so these samples were measured at low laser power , by Thermo
Scientific™ DXR3 Raman Microscope, employing an excitation laser source (wavelength of 785 nm &
power 29 mV), 10x/0.25 objective and using 400 lines/mm grating (3378 to 49 cm™).

2.3.4 Densitometer (p): The density of the prepared co-crystals was measured by an AccuPyc Il 1345 gas

pycnometer. This technique is non-destructive as it uses the gas displacement method to measure volume.

2.3.5 High-performance liquid chromatography (HPLC): The chromatographic analysis was carried
out in Agilent HPLC 1200 Series with DAD detector. To verify the purity and composition of CACs
concentration HPLC analysis was carried out by taking 100 ppm of each sample solution, using mobile
phase ACN:H,0 (60:40). Results are as follows for more details. Hypothetical formulas of CACs were
calculated from the HPLC outputs. So, the number of nitrogen atoms in the formula of a given CAC is the
same as in the nitramine that this CAC contains (i.e., for RDX 6, for BCHMX and HMX 8 and CL20 12).

2.3.6 Field emission scanning electron spectroscopy (FESEM): The particle morphology, size
distribution, crystal structure and composition analysis of the CACs and the conformers were examined

using a MIRA3 LMH scanning electron microscope (Tescan, Czech Republic).

2.3.7 Elemental analyzer: Elemental analysis has been performed on Vario MICRO Cube (Elementar) in
CHNS mode with calibration on sulfanilamide, using a 1 mg sample for this analysis; results with calculated

empirical formulae were calculated.

2.3.8 Particle size analyzer: The particle morphology, size distribution, crystal structure and composition
analysis of the CACS and the conformers were examined using a MIRA3 LMH scanning electron

microscope (Tescan, Czech Republic).

2.3.9 Differential thermal analysis (DTA): A DTA 550 Ex apparatus (OZM Research, Czech Republic)
was used for differential thermal analysis. The measurements were carried out at atmospheric pressure,

with the tested sample in direct contact with the air. The sample (0.05g) was placed in a test tube made of
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Simax glass, 5 mm in diameter and 50 mm long. The reference standard was 0.05g aluminum oxide. A

linear heating rate of 5°C min™* was used.

2.3.10 Heat of combustion by Bomb calorimeter: Due to instrument maintenance, we used two

instruments for measurements of heat of combustion of the CACs, as follows.

i) OZM MS-10A Calorimeter: The heat of combustion was measured with an MS-10A (OZM Research

s.r.0.) calorimeter.

ii) IKA C 200 Bomb-type Calorimeter: The heat of combustion was measured with an IKA C 200 Bomb-
type calorimeter. Both instruments bomb placing is different, however method of analysis is same only.
The calorimeter was calibrated using benzoic acid. The increase of temperature in the calorimeter barrel
could be converted into the heat of combustion. The enthalpy of formation was calculated according to

Hess’s law.

2.3.11 Differential thermal analysis (DSC): The DSC measurements of the pure nitramines and CACs
were performed utilizing a heat-flow differential scanning calorimeter Q2000 DSC (TA Instruments, USA)
equipped with a cooling accessory, auto lid, autosampler, and T-zero Technology. The samples of masses
circa 0.5 — 1 mg were accurately weighed and hermetically sealed in low-mass aluminum pans. The
decomposition kinetics were for each sample performed as simple heating scans in the approx. 50 — 350 °C
temperature range (slightly corrected in a few individual cases) at heating rates 0.5, 1, 2, 3, 5, 7, 10 and 20

°C-min’t. A tangential area-proportional baseline was used to subtract the thermokinetic background.

2.3.12 Impact sensitivity by BAM fall hammer: The impact sensitivity was determined by employing
a standard impact tester with an exchangeable anvil (Julius Peters[11, 12]), with the amount of the tested
substance being 40 mm?® [19]; the detection was based on a sound effect [11,12]; drop hammers weighing
2 & 5 kg were used [19, 20, 21]. The new method/algorithm, called FEST [22] (an innovative method of
probit analysis [22]), was utilized to determine the probability levels of the initiation. The obtained
sensitivity was expressed as the drop energy, Edr, versus the percentage of initiation. The 50% (Edr 50 %)

and 95% (Edr 95 %) probabilities of initiation are specified in this article.

For propellant samples the sensitivity was determined employing a standard impact tester with
exchangeable anvil (Julius Peters [11, 12]), BAM BPH series tester make OZM research s. r. 0. with the
amount of the tested substance being 40 mm? [6]; the detection was based on sound effect; drop hammers
of 5 kg weight were used [11, 12]. The method European standard PN-EN 13631-4 2003 [15, 16], was

utilized to determine the probability levels of the initiation. The obtained sensitivity was expressed as the
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drop energy, Ear, versus the percentage of initiation. The 50% (Eqr 50 %) probabilities of initiation are
specified in this method.

2.3.13 Electric spark sensitivity measurement: Instrumental setup used, and its spark gap are presented
in papers [26, 27, 28]. The bottom electrode is a steel base with an attached screw as a leak electrode in the
center. To this screw is attached a plastic cylinder with a cut for fastening a piece of flexible tubing of 5
mm height and 5 mm diameter serving as a container of the sample tested. The top electrode is a steel
cylinder of conical shape with attached resistance wire protected by a plastic distance stop, which presses
an Umafol lid to the flexible tubing. The capacity of the capacitors was chosen to allow measurements in
the voltage interval from 8 to 14 kV. If the initiation was successful, the next measurement was made with
a voltage lowered by 0.2 kV; if it was unsuccessful, the voltage was increased by the same value. We
considered an initiation successful if the sample disappeared or the flexible tubing was torn. The
measurements were made with each substance, and the results obtained utilizing the “Up and Down

method”.

2.3.14 Friction Sensitivity: The sensitivity of propellants to mechanical stimuli means the ability to
undergo an explosive transformation under the influence of mechanical action (e.g., as a result of impact,
shot). Friction sensitivity was tested in the Peters apparatus. The method European standard PN-EN 13631-
4 2003 [25]; in which the force of pressure on two rubbing surfaces is changed (porcelain tile and porcelain
stamp, between which the rectangular sample is placed). The pressing force is adjusted by moving the
weight into the device. Sensitivity means the highest pressing force with no explosive transformation in six

trials.

2.3.15 Hardness Test: The hardness of tested samples was measured using Shore A hardness tester as per
standard ASTM D 2240 [29]. The method consists of measurement of the resistance posed by the sample
when a needle of specific dimensions and shape is inserted into it. The test result is the average value of sic

Mmeasurements.

2.3.16 Ignition temperature: The Ignition temperature has been measured by using differential thermal
analysis (DTA) and heating the samples in the Wood’s alloy method, as per polish working standard BN-
76/6091-08 [12, 21]. The apparatus OZM Research DTA 551-Rez was used in the DTA method to measure
temperature of Ignition. The rate of temperature increase was 5 °C/min and the weight of samples was 30-
40 mg. Measurements were performed in the range of 30-400 °C. In Wood’s alloy method, the temperature
was measured by a simultaneous heating of three samples of each propellant at temperature increase rate

equal to 5 °C/min and visual observation and assessment of propulsion changes. After preheating the alloy
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to the temperature of 100 °C the test tubes with samples of the propellant (cubes of ca. 40 mg) inserted into
it.

2.3.17 Burn rate measurements: Instrumental setup for Stojan Vessel for Burn rate Measurements

The dependence of the burning rate on pressure was measured using an SV2 (Stojan Vessel) closed vessel
(OZM Research). ABSW software (OZM Research) was used to evaluate the measurement results; this
evaluation is based on Eq. (1), [31] The uncertainty of the pressure measurement is within 0.5% as given
by the manufacturer.

u(p) = ((Pme—"_)) ) (%) (D)

Where

eo Is unit burning thickness of solid propellant grain
Ppax 1S maximal pressure in closed bomb

P, isignition pressure

(C:l—':) is the pressure change as a function of time

2.3.18 Vacuum stability test STABIL: A modernized Czech vacuum stability test (STABIL 16-E
STABIL VI apparatus [32], manufactured by OZM Research) was used; the original apparatus is described
in Ref. [33] and used procedure of measurement was according to papers [34, 35]. The used STABIL
methodology is compatible with the STANAG [36].

2.3.19 Glass transition temperature (Tg) by Artemis dynamic mechanical analysis (DMA-Ty):
NETZSCH's DMA 242 E Artemis dynamic mechanical analysis (DMA) device was used to determine the
mechanical properties of fuel samples. Fuel samples were bent in the dual cantilever mode, measuring 50.0
x 10.0 x 2.0 mm (fixing the samples at two ends). DMA analysis was carried out in an inert gas flow
(nitrogen, 50 ml/min) at a temperature range of -120 to 30 °C with a temperature increase rate of 2 °C/min
and a frequency of 1 Hz. The deformation has an amplitude of 20 pum. For every fuel sample, there were
two measurements taken. The maximum of the loss modulus (E™) peak vs temperature was used to calculate

the glass transition temperature. The average of the data is known as the glass transition temperature (Tj).

2.3.20 X-Ray photoelectron spectroscopy (XPS): The surface chemical composition of the mixed
nitramine crystals was determined by X-ray photoelectron spectroscopy (XPS, ESCA2SR, Scienta-
Omicron) using a monochromatic Al Ko (1486.7 eV) X-ray source operated at 200 W. The samples were
fixed in sample holders with a carbon conductive adhesive tape. The measurements were carried out in an
analysis chamber at a pressure below 5x10° mbar and in the fixed analyzer transmission (FAT) mode. The

survey and high-resolution spectra were recorded at a pass energy of 150 and 50 eV, respectively. The
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following sequence of spectra was recorded: survey spectrum, C 1s, O 1s, N 1s and C 1s again to verify the
stability of the charge as a function of time. The surface-charge compensation of the samples was controlled
by a charge neutralizer (CN 10). The binding-energy (BE) scale of the spectra was corrected taking the
adventitious carbon at 284.8 eV as a reference. The data analysis was performed using a Shirley type
background with the CasaXPS software (Casa Software Ltd) employing the elemental sensitivity factors

provided by the manufacturer (Scofield’s factors).

2.4 Software / Computational Methods

2.4.1 FEST: The new method/algorithm, called FEST [22] (innovative method of probit analysis [23]),
was used to determine the probability levels of the initiation. The obtained sensitivity was expressed as the
drop energy, Eqr, Versus a percentage of initiation. The 50 % (Ear 50 %) and 95 % (Ear 95 %) probability

of initiation are specified in this current work.

2.4.2 CHEETAH (Thermochemical calculations): The theoretical detonation parameters (detonation
velocity D, detonation pressure P and detonation energy Eqer) for the compositions tested as well as pure
explosives were calculated using the CHEETAH code [37] with the BKWS set of parameters for the BKW
(Becker-Kistiakowsky-Wilson) equation of state, that is, o = 0.5, = 0.298, « = 1050, © = 6,620 [38].
The detonation energy is a sum of mechanical and thermal energies released during the detonation process.
Mechanical energy represents the amount of energy available to do mechanical work, and it is equal to the
expansion work of detonation products and determined for the volume of detonation products
corresponding to a pressure of 1 atm. In contrast, thermal energy is the heat in the detonation products under
this pressure. For these calculations, the composition of detonation products was frozen at a temperature of
1800 K on the Isentrope beginning at the CJ point. The final thermal energy determined for all compositions
and explosives was zero. The calculated detonation parameters for the compositions and the pure explosives

are presented in the Tables.

In contrast, thermal energy is the heat in the detonation products at this pressure [39, 40]. For these
calculations, the composition of detonation products was frozen at a temperature of 1800 K on the Isentrope

beginning at the CJ point. The thermal energy determined for all compositions and explosives was zero.

2.4.3 ICT-Thermodynamic code calculations: The effect of the nitramines on the properties of the
SHRP was determined with the ICT-Thermodynamic Code (version 1.00) program. The ICT-code uses
mass action and mass balance expressions to calculate chemical equilibria. Thermodynamic equilibria can
be estimated for constant pressure or volume conditions. The following settings were set to exclude gases

with mole numbers smaller than 10-5; start temperature for iterations: 3000 K; step temperature iteration:
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20 K; freeze-out temperature: 1500 K. It was assumed that the pressure in the engine chamber is 70 bar and
gaseous products expand to a pressure of 1 bar, while the heat of combustion value was calculated for a
pressure of 0.1 bar.

24.4 CCDC & Mercury: Crystal structure information had a vital role to play in understanding
crystallization. The Cambridge Crystallographic Data Centre (CCDC) has included serving as a trustee and
training several scientists partly originated from his view of nucleation as a process in which desolation
mechanisms play a central role in the self-assembly journey of molecules in solution. Thus, the structural
study of solvates could shed light on the transition states leading to anhydrous forms [41, 42].

To better understand the mutual interactions of component molecules in CACs, their spectral data are
compared in the main text with characteristics of molecular crystals of these components taken from the
CCDC crystal database [29, 30]. The ORTEP views of the used nitramines and all coformers were plotted
using mercury and measured distances between the atoms in molecules [43, 45], which helped to understand
structural predictions orientations and intermolecular modifications concerning H-bonding, ©-x stackings,
van der Waals interactions and other short connections in pure EMs and possibility of involvements in
CACs [45].

2.3.21 Hirshfeld surface analysis: The Crystal Explorer 3.0 (version 17.5) software tool was utilized to
examine Hirshfeld surfaces [46] and the corresponding 2D fingerprint plots [47]. In this paper, the
measured specific chemical interactions of the pure coformers CL20 and BCHMX are visually represented.
The Hirshfeld surfaces were systematically generated and analyzed based on their dnom and shape-index
features. The dnorm function exhibits a symmetry with respect to the distances from the nuclei inside and
outside the Hirshfeld surfaces (di and d., respectively) to their corresponding van der Waals (vdW) radii.
This symmetry facilitates the detection of significant regions involved in intermolecular interactions. This
technique also makes it easier to find the crucial regions for these intermolecular interactions. The dnorm
surfaces have been plotted using a predefined color scale, ranging from —0.086 au (red) to —0.605 A au
(blue). The shape-index characteristic relies on the local curvature of a surface and has been found to be

highly successful in applications recognizing the planar characteristics of m-stacking arrangements [47, 48].

2.5 Preparation of co-crystals of attractive nitramines via Coagglomeration Method

As it was previously mentioned, also as stated in research problem the earlier reported traditional
cocrystallization methods are lacking the scalability-industrial scale production to overcome this; from the
traditional methods of co-crystallization, we developed an interesting “the slurry method” of EECCs

preparation, i.e., co-agglomeration, which is based on:
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Table 2.1 Solvent system in preparation of CACs of attractive nitramines

Coagglomeration Process

No Code design. i. Coprecipitation ii. Coagglomeration
1 32 HMX/TATB DMFA/water CHF
2 33 BCHMX/TATB DMFA/water CHF
3 34 CL-20/TATB DMFA/water CHF
4 35 RDX/TATB DMFA/water CHF
5 Cpl BCHMX/DATB NMP/water BuOH
6 Cp2 BCHMX/DATB NMP/water + Surfactant BuOH
7 Cp3 RDX/DATB NMP/water BuOH
8 Cp4 3-HMX/DATB DMSO/water BuOH
9 Cp5 R-CL-20/DATB DMSO/water BuOH
10 3 HMX/ HNS DMSO/water BuOH
11 6 HMX/ HNS DMSO/water BuOH
12 8 HMX/ HNS DMSO/water BuOH
13 17 RDX/ HNS DMF/water/ CHF
14 18 CL-20/ HNS DMF/water CHF
15 19 BCHMX/ HNS DMF/water CHF
16 20 RDX/ HNAB DMK/hexane CHF
17 21 BCHMX/ HNAB DMK/hexane CHF
18 22 CL-20/ HNAB DMK/hexane CHF
19 31 HMX/ HNAB DMK/hexane CHF
20 38 HMX/ HNAB DMK/hexane CHF
21 39 CL-20/ HNAB DMK/hexane CHF
22 S4 CL20/BCHMX DMSO/water CHF
23 S4LV CL20/BCHMX DMSO/water CHF
24 S4LZ CL20/BCHMX DMSO/water CHF
25 S5 CL20/BCHMX DMSO/water BuOH
26 S5LV CL20/BCHMX DMSO/water BuOH
27 CCs 1 CL20/BCHMX* Ethyl-acetate/hexane NA
28 CCs 2 CL20/BCHMX* Ethyl-formate/hexane NA
29 57 CL20/ PANi DMSO/water CHF
20 58 HMX/PANI DMSO/water CHF
31 59 BCHMX/PAN:i DMSO/water CHF
32 60 RDX/PANIi DMSO/water CHF
33 9 RDX/BTATz B1 Dimethyl Pyralidone/Water ~ CHF
34 10 RDX/BTATz B2 Dimethyl Pyralidone/Water CHF
35 11 HMX/BTATz B1 DMSO/Water CHF
36 12 HMX/BTATz B2 DMSO/Water CHF
37 13 CL20/BTATz B1 Dimethyl Pyralidone/Water CHF
38 14 CL20/BTATz B2 Dimethyl Pyralidone/Water CHF
39 15 BCHMX/BTATz B1 Dimethyl Pyralidone/Water ~ CHF
40 16 BCHMX/BTATz B2 Dimethyl Pyralidone/Water CHF
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Note: i) *CCs 1 & 2 CL20/BCHMX prepared by traditional coprecipitation method
ii) DATB CACs coprecipitation carried out employing water jet pump; remaining solution of nitramines mixed
with vigorously stirring water as per principle of coagglomeration method

> Susceptibility mainly of the RDX and HMX nanoparticles to self-glomeration to sizes of 5-7 um
essentially immediately after preparation.
» Facilitating this self-glomeration (co-agglomeration) by the presence of a small amount of solvent in

which the components are very slightly to minutely soluble.

The preparation of co-agglomerated crystals (CACs) with specific energetic coformers (shown Figure 2a
to d) and the aforementioned attractive nitramines (shown Figure 2c to h) was conducted using a

primarily two-step procedure [49].

> First step - the co-precipitates are prepared by employing the rapid solvent-antisolvent method. This
method involves introducing 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).

» 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.

Co-agglomerated crystals (CACs) of selected coformers using the above described technique, which
consists primarily of two steps [49], in which 1 g of coformers (their molecular structures see in Figure 1g
— 1) together with 4 g of the respective nitramines (HMX, BCHMX, CL-20 and RDX — their molecular
structures in Figure 2.1a — k)). The obtained CACs were dried, labeled, and then thoroughly analyzed using
the analytical techniques described in section 2.3 for phase purity and morphology. Additionally, upon

coagglomeration, underlying intermolecular interactions in both coformers were characterized.

2.6 Application of the CACs

2.6.1 Preparation of samples of propellants

Propellant compositions are prepared as per Table 2.2, each batch size 700 gm have been prepared. The
mixing conditions 10 min in normal atmospheric and 15 min in vacuum conditions. For coarse AP it will
be 10 and 30 mins followed by for HMX and for plasticizer mixing 5 and 10 min. Based on the received

results. BCHMX suitability as physical mixture and CACs with HMX for the respective application can be
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effectively evaluated in chapter 4. This can help design new combinations of nitramines for applications in

propellants.
Table 2.2 Propellant composition with individual components [Sample codes]
Series - | (10 %) Series — 11 (20 %) Series — 111 (30 %)
0,

Components /% [PL. P4. & P7] [P2. P5 & P8 [P3. P6. & P9
AP 56 46 36
HTPB 11 11 11
Al 18 18 18
HMX/ PhysMix / CACs 10 20 30
FeNPs 1.0 1.0 1.0
Plasticizer(DDI) 2.1 2.1 2.1
Curing Agent (ADO) 19 1.9 1.9

Total 100 %

Here. CACs- co-agglomerates of HMX/BCHMX; PhysMix- HMX/BCHMX physical mixture;

2.6.2 Charging and pressing of detonator for CACs of CL20/BCHMX

The test of the initiation strength of coagglomerates (CACs) of CL20 with BCHMX was carried out
according to standard [50] with weights from 51 to 300 mg of selected CACs, in aluminium shells of 7.5
mm diameter, with a pressure of 60 kg per pressing pin, with a secondary charge of 720 mg pentaerythritol
tetranitrate (PETN), pressed by a pressure of 180 kg per pressing pin. The adjusted detonator was then
placed on a 5 mm thick lead plate, and the detonator was initiated according to the standard procedure [21].

2.6.3 The preparation of gunpowder

This nitrocellulose GRADE C type | was phlegmatized with 30% alcohol. After submission to the
homogenizer, it was kneaded. Sufficient mixed solvent was then added to the nitrocellulose to achieve the
desired consistency. Subsequently, the desired amount of RDX moistened with ethanol was added to the
gelatinized nitrocellulose. In such an amount that the resulting powder contained 10 % pure RDX - this
sample was named S10.1. Sample S10.2 was similarly processed, containing 89 % NC and 10 % of the
RDX/BCHMX Physical mixture. The last sample named S10.3, contained 89% NC and 10% KP
RDX/BCHMX CACs. In addition, 1% diphenylamine was added to the samples as a chemical stabilizer.

Once the sample was mixed, the powder dough was transferred to a press, which was used to extrude the
munitions blank through the selected matrix. The extruded powder strips were uncut to the desired size.

The die allowed the extrusion of 1.5x0.34 mm strips. By cutting, the grain size was adjusted to 1.5x1.5x0.34
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mm, Figure 2.2. The cut grains were dried. By soaking in water, the mixed solvent was removed to the
normally required limit (assessed as volatile content). The powder samples were then dried and graphed.

a)

Figure 2. 2 a) Schematic of gunpowder grain with dimensions and b) real enlarged image of powder grain
sample S10.2.
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3.1.1 Background

The co-formers for the modification of technically suitable nitramines are the highly insensitive 1,3,5-
triamino-2,4,6-trinitrobenzene (TATB) [1, 2] and 1,3-diamino-2,4,6-trinitrobenzene (DATB) [3] whose
planar molecules form the planar nets with face to face and crossed stackings in their crystal lattices
respectively [2]. Especially TATB, which is highly insoluble in the usual solvents. The positioning of these
both in the crystal lattice of the nitramine creates the N-O---H hydrogen bonding between -NO; (nitramine)
and -NH; (TATB) and n-x stacking. In addition, van der Waals force interactions [2, 4, 5] can be observed,
potentially initiating the nitramine’s reactivity. However, practical experience in this area was limited to
CL-20 and HMX [6]. The other two nitramines, BCHMX and RDX, were left aside; thus, no comprehensive
evaluation of the effect of TATB on the reactivity of these particular nitramines was carried out. In this
work, we prepared co-agglomerates/co-crystals of these nitramines with TATB and DATB using a
coagglomeration method. Firstly, we attempted DATB and then repeated it with the TATB [7, 8], the
approximately planar molecules linked in its crystal by intermolecular hydrogen bonds into continuous
chains [9]. The stabilizing effect of DATB was clearly evident but only in the case of its co-agglomeration
with RDX and HMX [10]. To clarify the effect of polyamino-derivatives of 1,3,5-trinitrobenzene on the
impact sensitivity of suitable nitramines in particular, presented here our results from the application of
DATB and TATB cocrystals.

3.1.2 Results
3.1.2.1 Morphology and particle size analysis

Detailed morphology and particle size results are summarized in Table 3.1.1. All CACs pictured in Figure
3.1.1 (a-h). All the DATB CACs shown smoother edges with irregular shapes. Especially in case of the
BCHMX/DATB slight sharp edges. Similarly in case of TATB CACs, show granular ‘pop-corn’-like
structures except for 32 HMX/TATB where the FESEM images (1a & 1b) show a ‘rice grain’-like particle
structure. In the case of 33 BCHMX/TATB, particles show slightly irregular shapes with slightly sharper
edges (Figure 3.1.1¢c & 3.1.1d). All CACs, with the exception of 34 CL-20/TATB, exhibit slightly smaller
particle sizes (Figure 3.1.1e & 3.1.1f). The case of 35 RDX/TATB (Figure 3.1.1g & 3.1.1h) shows similar
characteristics. From the FESEM images it is also clear that the DATB and TATB particles shown uniform
distribution on surface of nitramines in all cases. In all four cases, particles exhibit smooth surfaces. The
presence of these active interactions between particles of both co-former nitramines helps enhance
intermolecular interactions in the molecular crystals. These active interactions between the co-formers also
help to achieve high density CACs [7].
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Figure 3.1.1 FESEM images of cocrystals -Cpl: BCHMX/DATB, Cp2: BCHMX/DATB, Cpa3:
RDX/DATB, Cp4: 6-HMX/DATB, Cp5: B-CL-20/DATB, a & b: 32 HMX/TATB, ¢ & d: 33
BCHMX/TATB, e & f: 34 CL-20/TATB and g & h: 35 RDX/TATB.

Table 3.1.1 The particle size measurements results

SrNo's  Code design. S”(rrf]fz‘jekg;ea D‘P’Lﬁo) Dv(90) uM Cozgéqgrfef:t?gﬁ n
1 32p HMX/TATB 2884 321 136 DMFA/water
2 32 HMX/TATB 3160 245 12.0 chloroform
3 33p BCHMX/TATB 3765 1.93 59.3 DMFA/water
4 33 BCHMX/TATB 3765 1.69 12.8 chloroform
5 34p CL-20/TATB 5551 1.82 3.91 DMFA/water
6 34 CL-20/TATB 5633 1.77 3.88 chloroform
7 35p RDX/TATB 4020 12.9 434 DMFA/water
8 35 RDX/TATB 4614 125 43.1 chloroform
9 BCHMX/DATB-Cpl 621.1 14.1 333 hot water®
10 BCHMX/DATB-Cp2 70.6 127.0 1809.0 hot water®
11 RDX/DATB-Cp3 4335 234 53.3 n-butanol
12 5-HMX/DATB-Cpé4 665.7 121 236 n-butanol
13 8-CL-20/DATB-Cp5 1779 22,6 58.1 n-butanol

Notes: a: co-agglomeration at 130 °C in autoclave for 24 hours without stirring [7]
p: after the sample codes indicates the co-precipitate sample (in DMFA/water) of that CAC
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3.1.2.2 Powder X-Ray diffraction (PXRD) studies

The crystal phase changes were analyzed for both pure nitramines and CACs using the PXRD technique.
The diffractograms of all CACs in comparison with their pure nitramine co-formers obtained at RT are
shown in Figure 3.1.2. These help to understand the polymorphic structural modifications in CACs. The
20 values found were, respectively: for DATB 11.82°, 14.9°, 22.62°, 27.18° and 41.4°, also with three
intense peaks — at 20.16°, 24.94° and 29.98°; for TATB 27.32°, 42.12°, and 42.46° with three intense peaks
observed at 28.06°, 31.6 ° and 45.38°; for BCHMX 15.70°, 16.0°, 19.74°, 23.9°, 30.02°, 30.11°, 32.51°,
33.15° and 35.74°, with three intense sharp peaks at 9.74°, 12.65° and 23.57°; for RDX 15.65°, 16.01°,
19.87°, 24.12°, 29.84°, 30.11°, 32.52°, 33.15° and 35.65°, with three intense peaks at 9.73°, 12.65° and
23.59°%; for HMX 13.75°, 19.48°, 23.27°, 25.55°,29.71°, 30.74°, 36.17° and 39.21°, with five intense peaks
at 14.61°, 16.31°, 24.45°, 25.07° and 32.31°, these peaks indicating B-polymorphic modification of HMX;
for CL-2011.88°,12.4°,17.64°,20.4°,24.7°,27.62°,28.78°,31.84°,32.98°,37.98°, 44.44° and 45.38° with
intense peaks at 14.3°,30.1°, and 42.98°. Similarly, CACs, the 20 values indicate that TATB interacts with
co-forming EMs. For 32 HMX/TATB, 20 values were found at 13.9°, 16.44°, 19.52°,23.44°,24.6°, 29.84°,
32.44° with intense peaks at 14.78°, 25.2°, and 28.34. These intense peaks indicate that HMX is in its o
form. This crystal-phase change also occurred during the HMX/DATB formation. During interaction with
DATB or TATB in the co-agglomeration process, f-HMX converted to its d-modification [7]. For 33
BCHMX/TATB, the 26 values were 10.2°, 16.38°, 20.32°, 24.62°, 30.32°, 32.96° with intense peaks at
13.12°,24.04° and 28.54°. For 34 CL-20/TATB, the 20 values were 15.04°, 17.54°, 20.16°, 22.62°, 25.27°,
27.52°,30.30°, 33.26°, 35.82°, 38.12° with intense peaks at 12.12°, 13.76°, and 28.02° these latter peaks
indicating the presence of 3-CL-20 [11]. The same observation was found with CL-20/DATB where e-CL-
20, after interaction with DATB or TATB during co-agglomeration, converted to its f-modification.
Similarly, for 35 RDX/TATB, 206 values were 13.08°, 15.28°, 17.82°, 20.32°,21.92°, 26.9°, 29.24°, 30.78",
32.28°, 34.70° with intense peaks at 17.34°, 25.36°, and 28.3".These changes and shift diffraction angle
indicate that, after the interaction, the f-HMX or e-CL-20 co-formers with TATB and/or DATB, there is a
modification/development of a new crystalline phase occurring in the final CACs, which may also be seen
through polymorphic changes. Overall, the diffractograms of pure EMs with their CAC with both TATB
and DATB were not identical. Small new peaks appeared for all the TATB and DATB CACs, creating a
shift in the intense peaks with doublet formation in some of them. However, these variations show an
important role adjustment of co-formers in CACs with new crystalline phases. These changes are also seen
visually in the FESEM images of these CACs, which show different / modified crystal surfaces compared
to the standard FESEM images of the pure EMs. These changes were further confirmed by employing FTIR

and Raman techniques.
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Figure 3.1.2 PXRD diffractograms of co-agglomerated crystals /co-crystals (CACs) Cpl: BCHMX/DATB, Cp2: BCHMX/DATB, Cp3:
RDX/DATB, Cp4: 3-HMX/DATB, Cp5: B-CL-20/DATB, 32 HMX/TATB, 33 BCHMX/TATB, 34 CL-20/TATB and 35 RDX/TATB.
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3.1.2.3 Differential thermal analysis (DTA)

The CACs’ thermal behavior was analyzed using the DTA technique. Their thermograms of both DATB
and TATB CACs are shown in Figure 3.1.3, with the details summarized in Table 3.1.2. Apart from these
observations, all pure nitramines undergo polymorphic modifications in the resulting CACs when combined
with TATB and DATB; both are arranged so that this polymorphic transition is restricted during the heat
supply and undergoes melting directly, except with RDX in RDX/TATB. This was also observed with
RDX/DATB. TATB apparently decomposes more readily in a solution of the RDX decomposition products
(a loss of the stabilizing effect of the crystal lattice — for TATB [12] than in the other CACs studied here.
In pure HMX, a polymorphic transition a to & appeared, while a B to 6 change in HMX/TATB is shown.
Introducing TATB and DATB into the crystal lattice of nitramines generally produces a slightly negative
influence on their thermal stability (in the sense of the exothermic peak position). In the case of the
BCHMX, CL-20 and HMX CACs, this lowering of thermal stability is unambiguous for both the TATB
and DATB co-formers, whereas for RDX it was observed only for DATB (with TATB increased stability
of some +4.4°C was observed).

Table 3.1.2 Summarized data from DTA thermograms of co-formers and co-crystals with visible melting
points.

Melting point /°C Peaks of changes in DTA record / °C (with

Samples [Ref] phase modifications)
Endothermic Exothermic
e-CL-20 240 decompn [13] 170 (e - y) 225 (y - 8)
a-CL-20? 240 decompn [13] 175 (o—y) 225 (y-9)
BCHMX 286 decompn[14] -- 224
B-HMX - 190 (o — 3) 272
RDX 204 209 215
DATB 286 230; 290; 295 315; 330
TATB -- 320 [24] 357, 365
S32 8- HMX/TATB - 184 (B —9) 268.85
S33 BCHMX/TATB - NA 225.01
S34 B-CL-20/TATB - NA 217.7
S35 RDX/TATB - 206.18 219.4
Cpl BCHMX/DATB no melt® -- 227
Cp2 BCHMX/DATB no melt® -- 231
Cp3 RDX/DATB 194 - 195 198 209
Cp4 5-HMX/DATB 242 - 248 188¢; 2279, 246° (B-8) 249
Cp5 B-CL-20/DATB 212 - 218 176 (B-y CL-20) 216

Note: Here, Cw- results obtained in current work; a) between 90° and 105°C very weak, elongated
endotherm of the crystal-water evaporation; b) the sample does not melt - above 200°C it began to turn
brown; c¢) a very small peak of the B-3 transition of HMX; d) the value of polymorphic transition of DATB;
e) the value of the melting point of CAC,;
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Figure 3.1.3 DTA thermograms of co-crystals a) S32 HMX/TATB, b) S33 BCHMX/TATB, c¢) S34 CL-
20/TATB and d) S35 RDX/TATB.

In the case of pure CL-20, its thermal analysis showed € to y polymorphic transition, whereas in CL-
20/TATB this change was restricted due to the presence of CL-20 already in its § form due to its active
interaction with TATB. The polymorphic transitions of both CACs are already confirmed with PXRD,
which is consistent with DTA results. The TATB decomposition curves in all thermograms in Figure 3.1.3
fully correspond to those from the literature because the di- and tri-amino derivatives of 1,3,5-

trinitrobenzene typically have their exothermic peaks bifurcated [12, 15].
3.1.2.4 FTIR Spectroscopy
FTIR and Raman spectroscopy analysis carried out a detailed investigation of both co-formers

intermolecular interactions in the co-agglomeration process. The FTIR stretching bending vibration details
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are shown in Table 3, with the full-length spectra values, which shows the variations of these vibrations in
pure nitramines and in their respective CACs. At 3500 cm, all CACs showed a strong peak and, in the
region of 3220-3320 cm™, showed smaller and sharper peaks that split into two bands. This indicates the
formation of hydrogen bond-like interactions between both co-formers in CACs, which helps the latter
attain stability. The asymmetric and symmetric stretching vibrations for the N-O group were observed in
regions 1250 + 70 and 1530 + 30, respectively. The red shift in these wavenumbers, due to weak N-H---O
interactions between co-formers, is a sign of the formation of hydrogen bonds. This was further seen in N-

H and N-O stretching vibrations.

Similarly, at 3020 + 50 cm, C-H stretching vibrations are slightly split into two bands in CACs as doublet
peaks with a slight shift at 3020 + 55 cm™. In addition to these changes, the stretching vibrations 1315-1620
cm™ showed observable changes. Also, the skeleton ring vibrations showed a predominant shift in CACs.
The stretching vibrations in the TATB N-H and N-O bonds showed strong involvement in intermolecular
interactions with nitramines in CACs. These changes might happen in two ways. One would be that the
input of one co-former changes the molecular configuration (molecular skeleton) of the other one so that
both enter into an optimum interaction with each other - in the case of CL-20/TATB, this would change e-
CL-20 to its B-polymorph. The second reason could be that a new stable CAC crystal lattice will be formed
by modifying the configurations of both co-formers in the above sense and the formation of new mutual

interactions between them.

3.1.2.5 Raman spectroscopy

CACs also showed noticeable shifts when submitted to Raman spectroscopy. The spectra
stretching/bending vibrations are summarized in Table 3.1.4. All CACs exhibited asymmetric stretching
vibration of the -ONO bond around 1590 + 10 cm™ and symmetric stretching of the -NO- bond at 1220 +
50. Both these stretching vibrations indicate an interaction between the co-formers. This was followed by
O-N-O deformation vibration observed at 832 and 840 cm™ in 32 HMX/TATB and 34 CL-20/TATB,
respectively, which clearly showed the presence of the 6-HMX and f-CL-20 in the respective CACs. These
polymorphic modifications occurred so that both co-formers adjust into a single stable crystal lattice.

Raman spectral observations are consistent with FTIR and PXRD analysis results.

Also, there will be a red shift in other vibrations, C-H bending, C-H, N-H and N-N bond stretching bands.
The pure nitramines show noticeable shifts after interaction with TATB, which indicates that TATB enters
into the nitramines crystal lattice and creates new intermolecular force interactions in the new crystal lattice

thus formed. All these spectral observations indicate there will be weak intermolecular interactions between
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Table 3.1.3 Summarized results of FTIR measurements

Assignments CL-20 BCHMX HMX RDX DATB TATB 32 33 34 35 Cpl Cp2 Cp3 Cp4 Cp5
|
O-N-O-H-- 2042 2031 3671 ~ 3313, 3318, 3317, 3310, 3315 3280, 3281 3281 3280 3283
structural bond 3214 3218, 3217 3219 3216, 3386 3388 3387 3386 3390
3042; 3074, 3052 3024
C-H stretching ’ 3019 3052 3065, - 3049 3018 ' 3074 3015 3017 3074 3036
3017 2009 3024 3052
. 1216 1262
Symmetrical 1251, ! 1240, ! 1218, 1218, 1211,
NOstetching 1278 1231, oo 1231, 1321 1248 1548 o5 1ajg 1283 1233 1210 1235 1253
1262 1216
Asymmetric N-— 4 56 1562 1539 1569 1549 1533 1529 1554 1567 1554 1553 1209 q5p5 1508
O stretching 1590
780 762, [T,
C-N stretching ;55 774 733, 737,752, 716, 763, A 742% 480 IOL o gpg 779 780 781 781
[Amino group] 763 779 697 720,
739 738 goe
C-Nstretching 556 1326 1315 1309 1321 1317 1356 1326 319 4356 1355 1352 1347 1326
[Nitro group] 1350
Skeletal
: 1182 1137; 1207, 1216, 1145, 1168 1137 1137 1138 1095
St[gfnhé]”g 1040 1084 1087 1037 1009, 171 1169 1169 in35 1085 1084 1930 1086 1047
Symmetric - 112251% 1273 5318 1309, 1210, 1214, 1228, 1211, 1274 g;g 1388 1259 1263
NO: Stretching  J5a0 1209 1350 1248 1275 1255 1261 1207 5o jags 1235 1220
1632,
Asymmetric - 1601, 1603, 1529, 1602, 1603, 603 4500, 1989 1S8B . opp 15
NO; Stretching 1585 1554, 1539 1569, 1549 1533 2% gy 1967, 1569 igh qggg 1925 1598
o6 1526 1588 1552 1530 1529
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Table 3.1.4 Summarized results of Raman measurements

Assignments CL-20 BCHMX HMX RDX DATB TATB 32 33 34 35 Cpl Cp2 Cp3 Cp4 Cp5
3099 3053
3226 3227 3225 3228 3223 3020 3020 3075 oo oo
—CHga stretching vibration 3052 3020 -- -- -- -- 3056 -- 3054 3075
3024 - 3049 3020 3024 3045 2985 2985 2985 2993 2985
C-H stretching vibration 2092 - - - corS 2970 2985 2950 2948 2932 2931 3001 2042 2925
2932 2985 2991 2085 2999 2856 2947 2856 2856
Asymmetric -NO2 1609
stretching vibration 1504 1606 - - 1608 1603 1566 1607 1602 .. 1606 1606 1594
1571 1564 1526
1554 1557 - - 1525 - - - - - DR DR 15k 152 1493
1484 1486 1486
C-Hand -CH; 1362 1362 1362 1360 1365 1371
and ~CH2 1326, 1209 1315, 1310, 1319, 1319, 1318,
deformation vibration 1980 070 1973 1305 1319 1960 1960 1319 o, 1305 1305 1305 1306 1360
. 1273 1217
Symmetric -NO» 1280, 1240, 1217, 1260, 1221, 1272,
stretching vibration 1252 1264, 1270 1273 1217 1220 1219 1221 1263 1220 1217 1218 1571 1217 1218
1240 1526
1164, " 1195, 1194, 1195, 1195, 1195, . 1160 1161
Asymmetric C-H 1182, ey 1207 1217 1161 1170, 1170. 1170, 1170, 1170, 1o, 1153 [0, 1161 1154
stretching vibration 1137 1144 1144 1144 1143 1143 1140
1050, 967, 1079
N-N stretching vibration 1038, ' 1030 1034 1030 1030 1030 1030 1030 1035 1035 1034 1033 1040
1014, 984 ~ 1098 952
C-C stretching vibration 1048 1058 1087 1085 909 - 1054 1062 1091 1064 909 908 943 951 908
Ring stretching vibration 979 967 939 943 - - 930 967 988 943
935 906 904 - - 946 953 961 -
Rlngv?srf;rign:tlon 913 850 850 848 832 - 848 850 841 847 850 850 885 883 843
881 906 - 885 883 881 882 883 883 832 832 832 832 832
~NO2 deformation SS‘I B - - - 832 832 832 841 832 850 850 885 883 843
vibration
819 - - - 809 833 - 777 777 777 777 777
743 775 775 788 777 - 784 793 794 785 731 730 731 730 730
~NO2Wagging 737 750 750 757 731 701 77‘(‘)11’ 754, 702 700 701
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Figure 3.1.4 A comparison of the lengths of the longest N-N bonds with the N-N bond stretching vibration
(the C-N bond stretching for TATB) vibration of pure nitramines, their CACs; the N-N bond lengths were
taken from the ORTEP views of the nitramines used in the CCDC database shown in Fig. 2.1 Chapter 2.
Materials and methods.

both co-formers such as hydrogen bonds and van der Waals force, etc. [1, 16, 17] and these observations
indicate the formation of co-crystals during co-agglomeration. The graphical comparison of the length of
the longest N-N bonds and their stretching vibrations (stretching of the C-N bond for TATB) in CACs and
pure co-formers, given in Figure 3.1.4, corresponds very well with the aforementioned statement. This

comparison again argues in favor of the formation of co-crystals in the process of co-agglomeration.

3.1.2.5 Thermochemical and explosive properties

The heat of combustion was determined by employing a bomb calorimeter. Taking the elemental analysis
considered for molar ratios both co-formers in CACs), the enthalpy of formation was calculated employing

Hess’s law. The results obtained are summarized in Table 3.1.4.

Even though active stirring was applied during the co-agglomeration process, the co-agglomerated crystals
obtained were larger and slightly non-uniform in shape and size (shown in Figure 3.1.1 FESEM images and
Table 3.1.1), compared with their co-precipitated analogues. However, their densities exceeded those of
pure nitramine co-formers, as can be seen from Table 3.1.4, especially in the case of the 3-CL-20/TATB
and 3-HMX/TATB CACs, which are closer to those for pure B-CL-20 and 3-HMX, respectively.

The theoretical detonation parameters (detonation velocity D, detonation pressure P and detonation energy
Edeton) TOr the compositions tested, as well as pure explosives were calculated using the CHEETAH code
[18] and are summarized in Table 3.1.6. The needed enthalpy of formation was calculated on the basis of
Hess's law from the determined combustion heats and are presented in Table 3.1.6 taking needed data from
Table 3.1.5.
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Table 3.1.5 Molecular formulas, thermochemical properties, and maximum crystal densities of pure
substances and their corresponding CACs

Heat of Enthalpy of
Explosive combustion formation

Molar ratio Crystal
No Code design. NFIKST-E/ Formula wl\élizlﬁt ( J%ﬂ) Ref  (k \]_Anl';lgrl) Ref 882;]”3);
1 RDX - CsHsNsOs 22214 9522 [19] 662  [19] 1810
2 BCHMX - CaH6NgOs 29417 9124 [19] 2365  [19]  1.860
3 B-HMX - CaHsNgOs 296.18 9485 [19] 773 [19]  1.902
4 BCHMX -- C4HeNsOs 294.17 9124 [19] 236.5 [19] 1.860
5  pB-CL-20 - CsH6N12012 43823 8327 [19] 42174 [19]  1.985
6  eCL-20 - CsHeN12012 438,23 8311  [20]  397.80  [20]  2.044
7 TATB - CsHsNOs 25815 11927  [21]  -139.74 [21]  1.938
8 DATB - CsHsNsOs 24314 11592 [21] -101.3  [21] 1838
9 32 HMX/TATB 1.00:0.12 Ca.33Hs.00 N8.00Os.00 300.09 9720 Cw 68.80 Cw 1.909¢
10 33 BCHMX/TATB 1.00:0.37 Ca.86H4.86Ns.0008.00 303.33 9335 Cw 223.97 Cw 1.931¢
11 34 CL-20/TATB 1.00:0.17 C7.01H7.010N12.00012.00 451.35 8927 Cw 268.76 Cw 2.0334
12 35 RDX/TATB 1.00:0.28 C3.65H5.99N6.0006.00 229.93 9660 Cw 39.12 Cw 1.8694
13 BCHMX/DATB-Cpl 4.20:1.00 Ca.72H6.26Ns.0008.19 306.44 9627 Cw 197.37 Cw 1.851°

S
~N o o~

BCHMX/DATB-Cp2 3.90:1.00 Ca.76H6.27N8.00008.22 307.07 9579 Cw 171.46 Cw 1.831¢
RDX/DATB-Cp3 3.90:1.00 Cs.66 Hs.76N6.0006.27 234.13 9919 Cw 58.33 Cw 1.793¢
3-HMX/DATB Cp4 3.70:1.00 Ca4.79Hs.00N3.0003 22 309.17 10002 Cw 63.10 Cw 1.885¢

R-CL-20/DATB-Cp5 2.20:1.00 C7.36H7.81N12.00013.74 484.20 9272 Cw 318.22 Cw 1.981¢

Note: Here, Cw- results obtained in current work;

The impact sensitivities of the CACs used in this study are shown in Table 3.1.6. In comparison with
analogous results on CACs containing DATB, the expectation that the use of TATB is a significantly more
suitable additive than DATB in reducing the mechanical sensitivity of cyclic nitramines was confirmed.
The DATB co-former reduces this sensitivity only for RDX and HMX with approximately planar molecules
and has the opposite effect for sterically hindered BCHMX and CL-20 molecules (see Table 3.1.6 and
discussion in paper). By contrast, TATB has a very pronounced phlegmatizing effect on all nitramines
studied here; in particular, in the case of CL-20, the addition of TATB does not act as an impurity, so the
impact resistance of the corresponding CACs (15.4 J) is even higher than that of pure e-CL-20 (13.2 J[22]).
The difference between the effects of TATB and DATB was outlined in the introduction and lies
in a difference in the arrangement of their molecules in the corresponding crystal lattices; the
former forms planar sieves (crosslinking by strong hydrogen bonds - see in paper [23]), which
turns out to be more favorable for the phlegmatization of cyclic nitramines, compared with the
continuous chains of approximately planar molecules in the DATB crystals[9].
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Table 3.1.6 Impact sensitivity and explosive properties of pure substances and corresponding CACs

Explosive Impact sensitivity Edr Detonation Detonation Energy of \Zolllcj:eta“é?
Eur Eur velocity, D pressure, P detonation, Eceton
Edeton -1
50 % 95 % st G - J.
Sr Code design. Q) Q) (m-s%) (Gpa) (g% .97
No Ref.
1 RDX 5.6 [24] - 9014 33.91 5915 -
2 BCHMX 3.0 [14] -- 9116 36.19 6223 -
3 B-HMX 6.4 [24] - 9404 38.00 5964 --
4 R-CL-20 11.9 [22] -- 9421 40.77 6320 --
13.2b --
5 &CL-20 ¢ [22] - 9650 43.41 6303
4.0
[16]
6 DATB 785 [24] - 8004 27.13 4086 -
7 TATB 112.0 [24] 8434 31.01 4492 --
8 32 HMX/TATB 50.0 cw 98.3 9332 37.73 5867 5817
9 33BCHMX/TATB 320 cw 76.0 9051 36.75 5931 5798
10 34 CL-20/TATB 15.4 cw 411 9556 42.60 6265 5788
11 35RDX/TATB 46.7 cw 715 9016 34.86 5662 5569
12 BCHMX/DATB-Cpl 3.4 cw 8.8 8913 34.45 5952 5872
13 BCHMX/DATB-Cp2 29 cw 6.0 8819 33.50 5915 5849
14 RDX/DATB-Cp3 9.7 cw 20.0 8619 31.61 5621 5589
15  3-HMX/DATB-Cp4 127 cw 97.2 9111 35.78 5730 5630
16  R-CL-20/DATB-Cp5 18 cw 21 9229 38.88 5978 5869
Notes: 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 B-CL-20 and e-CL-20, respectively;
¢) the value for “common” (technical) quality e-CL-20;

3.1.3 Discussion

3.1.3.1 Co-agglomeration

Data from particle size determinations show (in Table 3.1.1) that TATB in agglomeration acts as an anti-

caking additive. In this case, the size of the specific surface area is more a grinding along with co-

agglomeration (co-precipitates have smaller areas than "co-agglomerates™). It can also be seen from Table

3.1.1 that agglomeration in an aprotic medium, significantly finer CACs results in significantly higher

surface areas than in a protogenic one. This may also be due to the DATB presence, which by not forming

net links of its molecules in its crystal lattice (as is the case with TATB) may not act as an anti-caking

additive. From Table 3.1.1 it can also be seen that co-precipitates with CL-20 show the least tendency to

agglomerate in both these medium types.
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3.1.3.2 Thermal analysis

As already mentioned, an important binding force in the CACs under study here is the N-O---H hydrogen
bonding between -NO- (nitramine) and -NH. (TATB) [2, 5]. Although it has long been known that the
presence of intra- and inter-molecular hydrogen bonds increases physical, thermal stability due to the
stabilizing influence of the crystal lattice, such bonds are also able to increase the chemical, thermal
reactivity, especially in solution [25, 26]. From Table 3.1.2, the increase in physical stability is not clearly
visible, except perhaps some minor changes in the temperatures of the polymorphic transitions of HMX
and CL-20 in the corresponding CACs. However, in the case of the peak temperatures of exothermic
decomposition, there is already a clear decrease in their values for CACs compared to pure starting

nitramines, as also mentioned above.

3.1.3.3 Spectral examination

The kinetic energy of the shock in compression during the detonation initiation is accumulated through
translational-vibrational relaxation processes by translational and vibrational modes of molecular crystals
of the material. This causes a considerable quasi-overheating (20000 to 40000 K [27, 28]), especially of
vibration modes, and this is the beginning of the detonation initiation. Therefore, some outputs of
measurement methods based on tracking vibrational modes correlate well with the performance, detonation,
and sensitivity characteristics of CACs and CCs, and in the following, we extended some of these relations
by CACs data with TATB content.
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y=-00004x+ 16112 g ATB
H'E DATB R? 206751 HM)gDATB.C,,J ﬁHg\f&cﬂmm\% o) y=00ssex 62577 b-CL2OIDATB
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Figure 3.1.5 The relationships between volume energy of detonation and spectroscopic characteristic
stretching vibrations; a) asymmetric NO; stretching; b) symmetric N-O stretching.
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Figure 3.1.6 The comparison of impact sensitivity of the energetic materials in the study with their
spectroscopic characteristics:

a) semilogarithmic relationship of impact sensitivity and difference between asymmetric NO;
stretching vibration in pure nitramines and in their CACs;

b) semilogarithmic relationship between impact sensitivity and asymmetric NO; stretching vibrations;

c) graphical comparison of impact sensitivity and ring stretching deformation vibrations;

If we consider the definitional relationship between the vibrational frequency and the bond force constant
(i.e., roughly the strength of the given bond) [29], then the relationship in Figure 3.1.5a should imply that
the increasing performance of CACs here should correspond to a decrease in the strength of the internal
NO; bonds involved in asymmetric stretching. Conversely, in the case of Figure 3.1.5b, the performance
should be proportional to the strength of the N-O bond involved in symmetrical stretching vibration. In this
context, it is worth remembering that the trigger bond of initiation in the nitramines under study and of their
CAC:s is the N-NO- bond [14, 26, 28].

Figure 3.1.6a can be explained in a similar way to Figure 3.1.5b - as the difference between asymmetric
NO; stretching vibrations of pure nitramines and those of their CACs increases, the trigger bond strength
should increase, and thus, the impact sensitivity should decrease. But there is an exception - a dependence

with a negative slope, i.e., the opposite effect of this increment, which is related to the presence of TATB
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in CACs. As will be shown below, TATB, as opposed to DATB, has a specific effect on the behavior of
the respective CACs. Also, the increasing strength of the trigger bond in terms of increasing values of
asymmetric NO- stretching vibrations corresponds to a decrease in impact sensitivity in Figure 3.1.6b, again
with one exception, which is somewhat reminiscent of the one from the "impact sensitivity - performance”
dependency [30] (see also Figure 3.1.7); - technical data for e-CL-20 (with an impact sensitivity of about
4 J) usually do not correlate in molecular-structural relationships [28, 30], so maybe here, the correlations
are random. A graphical comparison of impact sensitivity and ring stretching deformation vibrations in
Figure 3.1.6¢c somewhat resembles the graphical one in Figure 3.1.4. The presence of DATB in the crystal
lattice of nitramine precipitates changes the ring stretching deformation practically to the same vibration
value for all corresponding CACs, and the intrinsic impact sensitivity would then be determined by the
intermolecular interactions of nitramines with DATB in the mixed crystal (four strong intra- and inter-
molecular hydrogen bonding in DATB, van der Waals forces, m-stacking). These intermolecular
interactions should be weaker than in the case of TATB, with six intra- and inter-molecular hydrogen bonds
binding the TATB molecules into plane-like networks. The changes in ring stretching deformations for
sterically crowded molecules are interesting: in BCHMX molecules, the introduction of DATB into their
crystal lattice causes little change to these deformations, as does the introduction of TATB into the B-CL-
20 molecule. It can also be seen from this comparison that the trend of impact sensitivity of CACs
containing TATB somewhat resembles that for pure nitramines with a shift to higher values of deflection
vibrations. It should also be noted that the impact sensitivity trends of CACs containing TATB in Figures
6a and 6b are quite similar to each other; the relatively strong influence of TATB on the vibrational modes
of the molecules under study may therefore be the cause of the exception mentioned in Figure 3.1.6a
(increasing the force constant of bonds should see an increase in the corresponding impact sensitivity.
Although this is clearly evident in both Figures 3.1.6a and 3.1.6¢, it is contrary to expectation). The increase
in impact sensitivity can also be seen in Figure 3.1.6b in the order of the HMX/TATB, RDX/TATB and
BCHMX/TATB series, with the asymmetric vibration values of their NO, groups increasing in the same
sense. There is a fixed idea that the reactivity of energetic materials should increase as the bond length of
the nitro group to its carrier (carbon, nitrogen or oxygen atom) increases, i.e., as the force constant of this
bond decreases [31]. However, a simple comparison of the lengths of the longest N-N bonds of nitramines
with their sensitivity to impact showed that this is not nearly so clear-cut and that this sensitivity decreases
with increasing length of this bond, for example, in the order a-HMX, f-HMX, RDX and y-CL-20 [32].
Only using the bond dissociation energy calculation by means of the UB3LYP/6-31G* method gave a
somewhat acceptable and expected order of f-HMX, RDX, and e-HNIW, with the exception of BCHMX,
which has the lowest energy of the group of attractive nitramines, and lies outside of this series [32]. All

experimentally found exceptions of the above type should be subjected to a detail analysis using quantum
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chemistry methods (including similar exceptions to the Licht’s rule [30, 33, 34] — increasing the explosive
strength is usually accompanied by an increase in the sensitivity and therefore an insensitive explosive will

not exhibit top explosive strength [34], here see for example Figure 3.1.7a).
3.1.3.4 The energetic point of view

This topic has already been partially mentioned in connection with Figure 3.1.5. It is primarily about the

relationship between the performance or energy content of EMs and their impact sensitivity.
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Figure 3.1.7 The relationships between natural logarithm of impact sensitivity and:

a) voluminal energy of detonation as a representative of performance;

b) heat of combustion as a representative of energy content;
Both of these cases are represented in Figure 3.1.7, which is based on Licht's rule [30, 33, 34], elaborated
into semilogarithmic versions, represented by Figures 3.1.7a and 3.1.7b. Figure 3.1.7a presents the well-
known relationship between impact sensitivity and voluminal heat of detonation, i.e., performance [30, 33].
The dependencies having positive slopes are exceptions to this rule and have not yet been explained (the
rule itself also needs an extended explanation [30]). There is some similarity in these exceptions to those in

some of the outputs from the spectroscopy work (section 4.3) as already mentioned.

The frequency of exceptions in relationships of this type is reduced if the performance is replaced by the
energy content of the EMs, represented by the enthalpy of formation or heat of combustion [35, 36]. The
latter case for the nitramines and their CACs studied here is represented by Figure 3.1.7b (the energetic
content in this view increases from right to left) - thus, as the energy content of the EMs increases, their

impact sensitivity increases (a slightly modified Licht's rule [34-36]).
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3.1.3.5 Impact sensitivity

This issue has been essentially addressed in previous sections (i.e., 4.3 and 4.4). These show the dependence
of such sensitivity on the molecular structure and energy content of the EMs. The quality of the crystals, as
well as their size and shape, play a major role. However, "normal crystallization" under laboratory
conditions usually results in products the sensitivity of which is comparable to the LANL database (see for
example [24]]), as we have clearly demonstrated using *®N NMR chemical shifts of polynitro compounds
[37]. By using the NMR results, it is possible to describe a sensitivity relationship with the molecular
structure of individual EMs (due to the reaction center in molecules) [30, 37]. Regarding the effect of crystal
size, we found that, for grains from 20 to 200 um in the HMX sieving fractions, the impact sensitivities
change minutely and are consistent with the LANL data [37] (the same is true for the friction sensitivity of
this HMX [38]]). The spherification of nitramine crystals will affect the impact sensitivity, as will the high
incidence of defect-dislocations in their crystals (this may be a case of the "normal" CL-20 quality with

impact sensitivity 2 - 4.6 J).
3.1.3.6 Detonation parameters.

Itis clear from the summary in Table 3.1.6 that the detonation energies of the CACs under study are higher
than would be expected from the percentages of the individual co-formers in the mixed crystals, which is
consistent with the general observation [39].
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Figure 3.1.8 Relationship between detonation velocity and crystal density of the nitramines and their
CACs in this study

Figure 3.1.8 shows the known relationship between detonation rate and density of nitramine crystals and
their CACs. From this Figure and Table 3.1.6 it can be seen that incorporation of DATB or TATB into the
crystal lattice of pure cyclic nitramines will indeed produce CACs with relatively high densities (especially
in the case of TATB) but, with the exception of RDX/TATB and HMX/TATB, with reduced detonation
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rates (this also depends on the proportion of these polynitroarenes in the CACs). From the application point
of view, the most interesting appears to be HMX/TATB, which, in the formulation prepared here, has a
slightly increased density with only slightly reduced parameters compared to pure HMX, while its impact
resistance is extremely high (see Table 3.1.6, Figures 3.1.5 and 3.1.6).

3.1.4 Summary

The preparation of co-agglomerates (CACs) of nitramines with 1,3-diamino-2,4,6-trinitrobenzene (DATB),
in comparison with the use of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) gives much finer results. Using
differential thermal analysis (DTA), powder X-ray diffraction (PXRD), Fourier transform infrared
spectroscopy (FTIR) and Raman studies confirmed that, similar to the DATB version, the use of TATB
leads to the formation of co-crystals (CCs) with the nitramines RDX, B-HMX, BCHMX and &-CL-20, in
which HMX presents in its 8-form and CL-20 in its -form. Whereas using DATB yielded CACs with a
density of at most 99% of the theoretical density of the mixed crystal, the TATB CACs densities are higher
than those using the pure nitramines (including -CL-20). Logical relationships, described already for the
DATB CACs, between some FTIR and Raman vibrational modes and parameters of initiation and
detonation produced greater predictability after extending with the data for their TATB analogs. Detonation
parameters of CACs containing DATB and TATB are logically lower than those of the starting nitramines.
The detonation energies of these mixed crystals are higher than expected from the respective percentage of

the co-formers.
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3.2 Coagglomerated crystals of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hewxaazaisowurtzitane (e-CL-20) with cis-1,3,4,6-
tetranitrooctahydroimidazo-[4,5-d]imidazole (BCHMX)

S5;15J

f S5LV; 8.8 J
CCs1;1.5J

Initiation efficiency
measurement Futuristic

Application

CCs 2;25J

S4LV; 4.5J

S4LZ;1.8J

Published in
CrystEngComm, Vol. 24, 2022, P 7771-7785, RSC, DOI: 10.1039/d2ce00840h
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3.2.1 Background

Traditional cocrystallization method works relatively well in approximately planar structures, for
example, in the stabilization of the longest N-N bond in 1,3,5-trinitro-1,3,5-triazepane (TTAZ) [1],
or in co-crystals of 1,3,5-trinitro-1,3,5-triazinane (RDX) or 1,3,5,7-tetranitro-1,3,5,7-tetrazocane
(HMX) with 1,3,5-trinitrobenzene-2,4-diamine (DATB) [2, 3]. Still it could have a debatable effect
in the mentioned co-crystals for nitramine molecules with an angularly shaped skeleton (cis-1,3,4,6-
tetranitrooctahydroimidazo-[4,5-d]imidazole — BCHMX) or a globular skeleton (2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane — CL-20) — for a corresponding discussion, see paper
[2, 3]. It seems, however, that the mutual combination of these two molecular structures of
nitramines could lead to CCs with increased sensitivity to mechanical stimuli, which could be
important, for example, in the construction of detonators without classical primers (‘green’
detonators — the performance of these products, filled with BCHMX, is high [4]). Thus, this this
work focuses on confirming or refuting these previous traditional assumptions. For the mentioned
purpose, we use the preparation of the co-crystals and co-agglomerates of CL-20 with BCHMX,
and we study their initiation reactivity. Nevertheless, both nitramines are also attractive fillers of
propellants, which is a big topic. Therefore, we also need to pay broader attention to this area here.

3.2.2 Results and Discussion
3.2.2.1 Morphology and particle-size analysis

Surface morphological changes in co-agglomerated particles were probed by FESEM. All co-
crystal images are shown in Figure 3.2.1 Interestingly, the particle shapes and sizes varied
depending on the different solvent systems used for co-precipitation as well as co-agglomeration
processes and depending on the method of addition of the same solvent systems. In the CCsl co-
crystal, the solvent system (ethyl acetate/n-heptane) influenced the development of particles with
sharper edges, which then influenced the impact sensitivity. On the other hand, in the co-crystal
where the solvent ethyl acetate had been replaced with ethyl formate, the surfaces of the particles
were slightly smoothened, thus making the co-crystal more impact-resistant than the CCsl.
Concerning the co-crystals obtained using the co-agglomeration method, both steps of FESEM
images indicate that co-agglomeration helps aggregated particles to acquire defined shapes with
smoother edges. For a clearer understanding of the crystal surface modifications in each sample,
two FESEM images were included in Figure 3.2.1. Figures 3.2.1e, 3.2.1g and 3.2.1i show that the
co-precipitated particles are more flattened with sharper edges, whereas Figures 3.2.1f, 3.2.1h and

3.2.1k indicate that the flattened crystals in co-precipitation acquire defined shapes with almost
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smoothened surfaces. Figures 3.2.1e, 3.2.1g and 3.2.1i depict the same solvent system with fast
(here 3.2.1e with 3.2.1g) and slow (here 3.2.1i) addition of an antisolvent (water) to the solution of
both coformers in DMSO. The method of antisolvent addition affected the particle morphology. In
both cases, the particles were also improved by co-agglomeration under the same conditions. This
shows the important role of co-precipitation in the co-agglomeration process (see previously in
paper [2, 3]). Similarly, with the solvent used for the co-agglomeration process, chloroform (Figures
3.2.1f and 3.2.1h) made the particles slightly smoother than butanol (Figure 3.2.1i). Nevertheless,
both chloroform and butanol improved the particle shape in comparison with those in the
corresponding co-precipitates, which indicates that both solvents in the co-agglomeration optimise
the morphological characteristics of the particles and in n-butanol CACs attain a smaller surface
area (see Table 3.2.1). The particle morphology, size distribution, crystal structure and composition
of the CACS and the coformers were analysed using the Mastersizer 3000 laser diffraction system
(Malvern Panalytical, UK); the particle-size distribution was evaluated using the Fraunhofer

approximation; the results are summarised in Table 3.2.1.

3.2.2.2 FTIR spectral studies

FTIR analysis has been carried out to understand and shed light on the structural aspects of CACs
and their co-crystal and co-agglomerate formers (Figure S1). The solvents have hardly affected the
CACs structure, but they have had an impact on the morphology of co-crystals. These
morphological changes are clearly visible in FESEM images and influence the sensitivity of co-
crystals. In all co-crystals, N-O---H— peaks appear in the region of 3050 cm™; this hydrogen
bonding improves the quality of co-crystals. In CACs, unlike in their coformers, crystal morphology
is stabilized through phase transformation. The stretching vibrations of all coformers as well as
those of individual CACs, are listed in detail in Table 3.2.2, and Figure S1 shows the full FTIR
spectra of CACs (co-crystals). The symmetric stretching vibrations in all the O—N-O-~H- of the
EMs have been observed in the region of 3220-3330 cm™. Symmetric and asymmetric stretching
of the N-O group has been observed in the regions of 123050 and 1570+10 cm™, respectively.
The formation of the N—O----H— bond causes a slight red shift in wavenumbers, and it also helps to
stabilize the co-crystals. The O-N—-O-~H— and N-O stretching vibrations in the co-crystals are
caused by intermolecular forces of different directions, also facilitating the formation of a stable

crystal lattice.
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Figure 3.2.1 FESEM images of co-crystals and coformers according to the section 2.2: a) & b) CCs1; c)
& d) CCs2;e) & 1) S4;9) & h) S5; i & j) SALVP; k & I) SALV; m & n) S4LZP; 0 & p) S4LZ; q & r) of
S5LVP; s & t) S5LV Note: - the samples labelled with “L” indicates the large-scale (amount > 5 g)
preparation of the respective samples series and “P” indicates co-precipitates of the respective samples
before co-agglomeration. The morphology of the starting CL-20 and BCHMX does not play an important
role here because both nitramines undergo co-precipitation, and the starting data are then the morphologies
of the co-precipitates and specification of molar ratios of coformers see in Table 5.
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These intermolecular hydrogen bonds and van der Waals forces of attraction exist between —N---H—
hydrogen atoms of coformers. The stretching vibrations of the —-N---H—and —-N—O of EMs molecules

prove the active involvement of the -N—-O of BCHMX and CL-20 in the same crystal lattice.

Table 3.2.1 Particle-size measurements of CL-20/BCHMX co-mixed crystals

Particle-size analysis
Surface area

Agglomeration medium

No. Cer (m2/kg) Dy(10) uM Dv(50) uM Dv(90) uM
design.

1 CCs2 1106 244 16.9 64.8 ethylformate/hexane
2 S4 1468 142 15.4 65.2 chloroform
3 S5 1007 2.97 16.7 50.4 n-butanol
4 S4LVP 1462 2.23 8.42 17.9
5 S4LV 861 3.62 16.3 58.8 chloroform
6 S4LZP 3273 0.798 3.15 9.14
7 S4L.Z 3171 0.811 3.22 9.48 chloroform
8 S5LVP 1098 3.17 10.6 31.3
9 S5LV 927 3.39 15.6 37.5 n-butanol

Note: For the meaning of the symbols ‘L’ and ‘P’, see the Section 2.

Table 3.2.2 A summary of the results of FTIR measurements

Ass'ﬁ”me”t CL20 BCHMX S4 (CHCls) (BSSH) S4LV  S4LZ  S5LV  CCsl  CCs2
O-N-O-H---- 3042 3020 3053 3052 3052 3052 3052 3038 3052
structural bond
. 3042, 3052, 3052, 3052, 3052, 3052,
C-Hi stretching 3017 3019 3023 3022 3023 3023 3023 3018 3022
SymmeticN-O o) 1218 1209 1228 1210 1210 1210 - 1209
stretching
AsymmetricN-—) o0 1562 1553 1554 1554 1554 1553 1556 1553
O stretching
C-Nstretching 1632, 1603, 1601, 1601, 1601, 1601, 1601, 1767051’ 1602,
[amino group] 757 774 775 775 775,747 775,748 775,741 o 774,742
C-N stretching 1326 1326 1386 1358 1326 1327 1326 1326 1325
[nitro group]
1137,
Skeletal 1182, 1137, 1166 1166 1166, 1166, 1166, oo 1166,
stretching [ring] 1040 1084 1050 1091 1081 1085
Symmetric — 1252, 1273, 1208,1257, 2% 1228, 1228, 1228, 1259,
S, 1218, 1905 1505 1256, 1255, 125, 1285, 1254 o
2 g 1280 1207 1210 1210 1210
1632,
Asymmetric — 1601, 1554,  1601,1575, 1601, 1601, 1601, 1601, .. 1602,
NO stretching 1585, 1526 1554,1534 15751553 1576, 1576, 1576, .. 1553,
1562 1554 1554 1554 © 1533
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In addition, the -C—H stretching vibrations slightly split in the peak of 3020+50 cm ™ into two new
doublet peaks. Similarly, significant changes caused by —C—N stretching vibrations have been
observed in the region of 1325-1625 cm™ . The stretching of the molecular skeleton ring observed
at 1012-1210 cm ! also indicates the formation of stabilised molecular hydrogen bonding to attain
stabilized molecular structures of both coformers in the crystal lattice.

In contrast to the agglomerates of nitramines with DATB [2, 3], the changes in the FTIR spectra of
the prepared CCs/CACs [2, 3], compared to the pure CL-20 and BCHMX in this work are relatively
small (stronger —OH-N- interactions are missing). Due to the mixed crystals of only two
nitramine species, these changes are almost constant for all the prepared CCs/CACs (Table 3.2.2).
The exception is the sample S5 with more significantly increased values of symmetric N-O
stretching and of C—N stretching for the nitro group, and partially also the sample S4 with even
more increased C—N stretching (S5 crystals are further characterized by unprecedented impact

resistance, S4 crystals by good impact sensitivity — see paragraph 3.7).

3.2.2.3 Raman spectral studies

The Raman spectra of co-crystals detailed characteristics peaks of stretching vibrations are
summarised in Table 3.2.3. Such coformer and CAC stretching vibrations as asymmetric —-ONO
stretching vibrations, which were observed at the levels of 760+20 cm™2, are shifted to 725+50 cm ™
in all co-crystals. The symmetric and asymmetric -NO; stretching vibrations in co-crystals in the
region of 1480-1610 cm™! indicate the formation of an intermolecular hydrogen bond in the co-
crystals. The spectral band of co-crystals at 281 cm™ indicates that the CL-20 does not appear in
the € phase but in the a and B phases. A careful observation of other stretching vibration peaks
clearly shows that the CL-20 is presented there in the  phase, except in co-crystal 1, which contains
a and B mixed phases. Additional evidence for the presence of mixed phases is provided by the fact
that two kinds of —NO, deformation are clearly visible with strong bands at 821 and 834 cm™.
Moreover, the strong band at 282 cm™2, which resulted from ring deformations, differentiates the
modification -CL-20 from e-CL-20. Especially B-CL-20 shows a strong band of -NO> deformation
vibrations at 841 cm™, whereas a-CL-20 at 821 cm™ [5].

The CL-20 molecule has extended its NO2-group deformations from 834 to 841 cm™ to interact with the
BCHMX. In addition, -O—N-O symmetric stretching has been observed in all co-crystals and coformers in
the region of 1305-1320 cm™. In the case of both coformers, however, -C—-H bending vibrations were
clearly observable in the co-crystals at 1215+5 cm™t. Furthermore, there are some distinguishing -N-N, —
C—H and-O~H-N- stretching vibrations, summarised in Table 3.2.3.
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Table 3.2.3 A summary of the results of Raman measurements

. S4 S5 CCs
Assignment CL-20 BCHMX (CHCIy) (BUOH) S4LV S4LZ S5LV  CCs1 2
—CHea stretching vibration 3052, 3020 3054, 3054, 3054, 3054, 3054, 3046, 3054,
3024 3024 3024 3024 3024 3024 3020 3022
C-H stretching vibration 2992, 2990, 2991, 2992, 2992, 2990, 2992, 2992,
2932 2932 2931 2932 2932 2933 2933 2932
Asymmetric -NOz stretching
vibration 1594, 1606, 1605, 1604, 1604, 1604, 1603, 1607, 1606,
1554 1557 1557 1557 1556 1557 1556 1558 1557
C-H and —CH2deformation
vibration 1380, 1337, 1384, 1384, 1382, 1382, 1382, 1381, 1380,
1325 1299 1332 1332 1333 1332 1333 1334 1331
. . 1264,
Symmetric —~NOz stretching 1250, 1264, 1264, 1264, 1263, 1264, 1264, 1265,
vibration
1228 1240 1231 1230 1230 1230 1230 -- 1230
Asymmetric C—H stretching
vibration 1164 1194 1195 1165 1167 1163 1167 1193 1194
. N 1113 1093 1095 1093 1093 1093 1093 1097
N-N stretching vibration 1094
. I 967 1047 1046 1050 1048 1050 1053 1053
C—C stretching vibration 1048
Ring stretching vibration 988, 906 987, 988, 988, 988, 988, 908, 906,
939 962 962 961 958 961 985 988
Ring deformation vibration 902 850 905, 905, 907, 904, 907, 908, 906,
874 843 841 849 841 840 850 834
—NO2 deformation vibration 834 -- 824 824 824 824 824 %3;1 850
795, 794, 794, 794, 794, 792, 834,
. 763, 775, 794, 794, 794, 794, 794, 792, 794,
—NOz2wagging
737 750 750 750 749 750 749 750 750

All the spectral data from both FTIR and Raman spectra prove that co-crystals are formed in both co-

crystallization and co-agglomeration processes. The B-CL-20 is metastable, which makes its isolated form

extremely liable to polymorphic transition. It is evident from Table 3.2.3 that all the stretching vibrations

(like the coformers undergoing ring and -NO, deformations) are actively involved in the formation of

intermolecular hydrogen and van der Waals interaction bonds and stabilize the co-crystal lattice.

Nevertheless, the prominent broadband peaks of —O-N-O symmetric stretching and the second —-NO;

stretching have been observed with a red shift, which clearly indicates co-crystal formation in all cases.
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Based on both structural and phase modifications, obtained by the FTIR, Raman and PXRD data, it is
possible to propose the possible structures of CACs, shown in Chapter 2 Materials section.

From the observations presented here, it is worth pointing out the following facts:

-the asymmetric —NO; stretching vibrations of the prepared CCs/CACs are very close in value to those of
pure BCHMX.

-the lower values of the symmetric -NO; stretching vibrations are practically identical to those of pure
BCHMX, whereas the higher values of these vibrations are close to those of pure CL-20.

-the N—N stretching vibrations of the CCs/CACs prepared are very close to the same values of pure CL-20.
-the values of the asymmetric C—H vibrations for the samples S5, S4LV and S4LZ are almost identical to
the same values of pure CL-20, and for the samples S4, CCs1 and CCs2 to the value of BCHMX.

-only the values of the stretching vibrations of the in-plane ring deformation are useful for inferring the

molecular-structure dependence (see Figure 3.2.2).
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Figure 3.2.2 Relationship between in-plane ring deformation vibrations and enthalpy of formation (taken
from Table 5)

Although the introduction of BCHMX molecules into the crystal lattice of CL-20 does not have a
remarkable effect on most of the Raman spectroscopy output (as already mentioned in the key observations
above), it is systematically manifested in the in-plane ring deformation vibrations in CCs/CACs. Since the
sterically crowded molecules of both nitramines have different spatial arrangements and thus steric effects
in the crystal lattice, there should also be differences in the bonding angles of the mentioned molecules,
depending not only on the molar ratio of the components but also on the incorporation of the BCHMX
molecules into the B-CL-20 crystal lattice. From the dependence of the magnitude of these vibrations on
the energy content (here the enthalpies of formation) of the respective CACs, it is evident (Figure 3.2.2)

that an increase in this content logically corresponds to an increase in the energy of the vibrational motion
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(the translational-vibrational relaxation processes of the translational and vibrational modes of the
molecular crystals play a decisive role in the initiation of detonation [6]. Detonation parameters are directly
proportional to the energy content of EMs[7, 8]). Table 3.2.3 and Figure 3.2.2 not show the data of the in-
plane ring deformation vibrations for pure BCHMX because its molecular skeleton cannot be interleaved
with a plane; BCHMX might be represented by the data for CCs 2, with the molar ratio of f-CL-20/BCHMX
being 0.63:1.00. Also based on a comparison of CL-20 and BCHMX crystal density (see Table 5), the
dependence trend in Figure 3.2.2 is understandable (see a similar comparison and explanation of the
physical and thermochemical properties of BCHMX with 1,3,5,7-tetranitro-1,3,5,7-tetrazocane, i.e.,
HMX[9)).

3.2.2.4 Powder X-ray diffraction (PXRD) studies

The phase purity of the coformers and co-crystals was confirmed by PXRD measurements (Figure 3.2.3)
in the range of 0-50°, in which the ideal structural modifications had been observed. The following PXRD
diffractogram changes have been observed for the coformers and co-crystals of BCHMX: 206 = 15.64°,
15.9°, 19.84°, 24.1°, 29.82°, 30.1°, 32.5°, 33.14° and 35.64°, with three intense sharp peaks at 9.72°, 12.64°
and 23.58°. For RS €-CL-20: 26 = 20.4, 20.70, 24.70, 27.62, 29.44, 30.48, 31.48, 37.98, 44.44 and 45.40,
with intense peaks at 14.32°, 28.80°, 30.14° and 43.00°. For co-crystal 1 (CCsl): 26 = 12.48°, 13.26°, 15.30°,
17.76° 23.04° and 24.30°, with intense peaks at 12.84°, 14.08° 24.78 and 25.12°. These four prominent
peaks indicate the presence of mixed a and f-CL-20 in this CCs1. For co-crystal 2 (CCs2): 26 = 15.14°,
16.22°, 2012°, 24.12°, 24.68° and 28.28°, with intense peaks at 12.92°, 13.64°, 15.92° and 23.92°. For co-
crystal S4: 26 = 12.78°, 13.16°, 13.64°, 15.80°, 16.06°, 17.28°, 17.76°, 23.34°, 24.76°, 27.38° and 28.62°,
with intense peaks at 11.88°, 13.48°, 13.66°, 19.96° and 27.76°. For S5: 26 = 12.76°, 13.06°, 14.74°, 16.04°,
17.26°,17.74°, 22.86°, 23.74°, 24.76°, 27.24°, 28.62°, 29.04° and 29.98°, with intense peaks at 11.84°, 13.48°,
13.66°, 19.94° and 27.74°. For S4LV: 20 = 12.96°, 14.94°, 16.22°, 17.44°, 20.08°, 22.50°, 23.90°, 24.72°,
24.88°, 28.76° 29.12° and 29.62°, with intense peaks at 12.02°, 13.66°, 20.08°, 27.38°, 27.90° and 30.16°.
For S4LZ: 13.08° 13.98°, 16.32°, 17.54°, 18.04°, 24.01°, 24.82°, 25.02°, 28.88°, 29.24° and 30.28°, with
intense peaks at 12.12°, 13.78°, 20.20°, 27.54° and 28.00°. For S5LV: 26 = 12.9°, 14.9°, 16.16°, 17.40°,
17.86°, 22.48°, 23.86°, 24.36°, 24.68°, 24.84°, 28.72°, 29.62° and 30.14°, with intense peaks at 11.96°, 13.60°,
27.34°, 27.86°. The prominent peaks in these X-ray diffractograms indicate the presence of B-CL-20 in all
these co-crystals except for CCs1, which has the mixed phase of a and f-CL-20.

The diffractograms of the pure coformers and co-crystals in Figure 3.2.5 are clearly mutually different,
which indicates the formation of a new phase in co-crystallization and co-agglomeration. In addition, there
are prominent changes and shifts in smaller peaks; some peaks exhibit doublet formation after co-

crystallization.
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However, these prominent changes might be a result of simultaneous co-crystallisation and possible
formation of polycrystalline-type phases coexistence within it. These smaller crystals sometimes cause peak
enlargement. Therefore, the mentioned diffractogram changes are most likely to emerge with a new phase
in the co-crystal form; at the same time, the co-crystal may be stabilised by a polymorph of a coformer, in

this work CL-20 (e-p).

I ’ —— S5 BuOH

Intensity (cps)

Figure 3.2.3 PXRD diffractograms of CCs/CACs and their coformers
3.2.2.5 Differential thermal analysis (DTA):

To understand the thermal stability of CCs/CACs in detail, the DTA analysis has been carried out for all
samples reported in Table 4. These changes observed in CCs/CACs have been compared with their pure
coformers (Table 4). This sheds light on the thermal modifications of the solid—solid phases of EMs in pure
form as well as in their co-crystal forms [10, 11]. CL-20 shows an endothermic peak at 171 °C, resulting
from the transition of € to the y polymorphic form, and an exothermic peak at 225 °C, indicating further
changes towards decomposition of y-CL-20[12, 13]. Similarly, the endothermic peak in BCHMX has been
observed at 144 °C. BCHMX has enriched the f-CL-20 with the influence of the crystal lattice and, to
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certain extent, restricted temperature-induced crystal modifications (T = AT) (£50 °C); however, there is a

decrease in the onsets of exothermic changes (up to 5 °C).

Table 3.2.4 A summary of the data from DTA thermograms of coformers and CCs/CACs with their

visible melting points.

Peaks of changes in DTA records / °C
(CL-20 phase modifications)

Sample Melting point /°C endothermic exothermic

g-CL-20 240 decompn® 170 (e—y) 225 (y-9)

a-CL-20? 240 decompn® 175 (o—y) 225 (y-9)

BCHMX 286 decompn® 144 224

CCs1 -- 173.24 (o & B~y) 222.01 (y-9)
CCs?2 -- 196.31 (B—y) 218.24 (y-9)
S4 (CHCls) -- 196.01 (B—y) 214.04 (y-9)
S5 (BuOH) -- 200.01 (B—y) 215.01 (y-9)
S4LV (CHCls) -- 193.75 (B—y) 218.01 (y-9)
S4LZ (CHCls) -- 200.01 (B—y) 212.75 (y-9)
S5LV (BuOH) -- 198.01 (B—y) 220.40 (y-9)

Note: a) between 90 and 105 °C — a very weak, elongated endotherm of crystal-water evaporation; b)
taken from Ref.[13]; c) taken from Ref.[14].
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Figure 3.2.4 DTA thermograms of a) BCHMX/CL-20 and all CACs and b) co-crystal 1 (CCs1) and co-
crystal 2 (CCs2)

The endothermic changes in the purest forms of both coformers then merge with the exothermic peaks. The
polymorphic changes (in round brackets) vary in all co-crystal (£ 47) (endothermic and exothermic) codes:
co-crystal 1 (+2.3 and —3.01 °C), co-crystal 2 (+25.3 and —6.76 °C), S4 (+25.01 and —11 °C), S5 (+29 and
=10 °C), S4LV (+23 and —7 °C), S4LZ (+29 and —12.25 °C) and S5 LV (+27 and —4.6 °C), and they have
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affected their thermal stability. Specifically, the physical stability of these mixed crystals is slightly
enhanced, but their chemical thermal stability is consistent with the general finding about the influence of
impurities on the stability of CL-20, which means that it is reduced (see data in Table 4 and Figure 3.2.4).

3.2.2.6 Compositions and thermochemical characteristics of mixed crystals

As earlier mentioned, the hypothetical formulae of the CCs/CACs in Table 5 were calculated from the
results of HPLC (shown in Chapter 2 Materials section). The data in this table show that co-agglomeration
yields CACs/CCs with a crystal density of 99.5 % in comparison with the theoretically calculated value and
of 99.6 % when compared with B-CL-20 crystal density. Co-crystallization (CCs1 and CCs2) has given
similar results; only the density of the corresponding CCs is of 97.5 % in comparison with $-CL-20 due to

the predominant content of BCHMX in these mixed crystals.

3.2.2.7. Impact-sensitivity data and calculated detonation parameters

Over the years of our attempts to prepare mixed BCHMX and CL-20 crystals by co-crystallization, we
mostly obtained small crystals (unsuitable for molecular X-Ray applications) with high sensitivity,
inhomogeneous in terms of co-crystal requirements. These problems are related to the spatial arrangement
of the coformers — globular CL-20 and BCHMX with an angular and rigid molecular skeleton. In this study,
we have included the two highest-quality products, CCs1 and CCs2. The former contains a- and 3-CL-20,
and it is also physically relatively inhomogeneous (as evident from Figures 2a and 2b); the high sensitivity
of CCsl1 is thus understandable (see Table 6).

While the detonation parameters of all the prepared CACs/CCS are in relatively close agreement, the impact
sensitivity is strongly dependent on the molar ratio of coformers (shown in Table 5), on the quality of their
crystal surface and on their morphology (shown in Figures 2 and 8a).

The data in Table 5 as well as in Table 4 (chemical thermal stability) show that in terms of stability, the co-
agglomeration of CL-20 and BCHMX is much more advantageous, especially in the medium (i.e. in the
continuous phase) of protogenic n-butanol, than in the case of aprotic chloroform (the selection of the
continuous phase is crucial for the formation of the co-crystal also in the slurry method[15]). The use of n-
butanol also yields CAC particles with a significantly smaller specific surface area (see Table 3.2.1). The
molar ratio of coformers is important as well. These factors have a major influence on the (optimal)
arrangement of molecules in the crystal lattice of the co-agglomerate and thus, on its sensitivity in general.
What is surprising is the relatively high insensitivity of the sample S5 (the B-CL-20/BCHMX molar ratio
of 1.8:1.0), which is higher than those of all the pure CL-20 polymorphic modifications (see Table 6).
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Likewise, the impact sensitivity of the SSLV sample (the B-CL-20/BCHMX molar ratio of 1.6:1.0, prepared
also in n-butanol) is good, below that of technical e-CL-20 (of about 4 J — see Table 6).

The dependence of the type shown in Figure 3.2.5a was first described in paper [2, 3]. Its detailed
explanation is difficult without molecular X-ray (the studied CCs/CACs cannot be prepared with a size
above 0.1 mm). Nevertheless, it is undoubtedly related to the involvement of nitro groups in intermolecular
interactions in CCs and to dislocations in their crystal lattices. The position of the data of the samples S4LV
and S4L.Z in this figure is undoubtedly a result of the disturbances of their crystals (their heterogeneity, as
described in the paper [16]), prepared by agglomeration in chloroform (not a very suitable medium for these
purposes). In the case of the data of the S4 and especially S5 samples, their symmetric N-O and C-N
stretching vibrations (nitro groups) may imply stabilization by the interaction of the coformer molecules in
the sense of local m-7 stacking, like in the stabilization of the longest N-N bond in 1,3,5-trinitro-1,3,5-
triazepane (TTAZ) [1] (this could be indicated in the S4 and S5 CACs by their IR outputs, mainly the

Raman ones; in the case of S4, a certain role may also be played by asymmetric —C—H stretching vibrations):

Table 3.2.5 Molecular formulas, thermochemical properties, and crystal densities of pure substances and
the corresponding CCs/CACs

Explosive Heat o_f Enthalpy of
combustion formation .
Crystal density
Code Molar ratio (g.cm®)
design. of CL-20/ Formula Mol. Qc Ref. AHs Ref.
BCHMX weight (g (kJ.mol™)

experim  calcd.

BCHMX - C4HsNsOs 294.17 9124  [17] 236.50 [17]  1.860 -

B-CL-20 - CeHsN12012 438.23 8327  [18] 421.74 [18]  1.985 -

e-CL-20 - CsHsN12012 438.23 8311 [17] 397.80 [17] 2.044 -
S4 1.10:1.00 Ce.00 H7.23N12.0001200  439.44 8475 a 329.00 a 1.9620 1.9701
S4LV 1.53:1.00 Cs.00H6.91N12.00012.00 439.12 8446 a 348.87 a 1.9744 1.9841
S4LZ 1.52:1.00 Ce.04 He.89N120001200  439.58 8379 a 323.47 a 1.9745 1.9839
S5 1.80:1.00 Ce.00He.78N120001200  438.99 8343 a 313.62 a 1.9761 1.9905
S5LV 1.57:1.00 Cs.99 He.89N12.0001200  438.98 8318 a 325.89 a 1.9617 1.9852
CCs1 0.60:1.00 Ce.03H7.21N12.0001200  439.78 8447 a 329.13 a 1.9366 1.9425
CCs 2 0.63:1.00 Ce.00H7.46N12.00012.00 439.70 8655 a 307.45 a 1.9356 1.9448

Note: a) this paper; b) calculated on the basis of the additive principle
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Table 3.2.6 The impact-sensitivity and detonation characteristics of pure substances and the corresponding
CCs/CACs

Explosive Impact sensitivity Edr

Detonation Detonation Energy of Additive
Code desi Edor/50 E"O’/gs velocity, D pressure, P detonation, valueaolf Ed
No ode design. 0 0 Ref. m.s 1 GPa Eq (ot (g7
a0 (ms) (GPa) @ (0g)
1 BCHMX 3.0 - [14] 9116 36.19 6223
2 a-CL-20 10.2 - [19] 9307 39.37 6143
3 R-CL-20 11.9 - [19] 9421 40.77 6320
13.20 - [19]
4 e-CL-20 4.0 - 9650 43.41 6303
5 S4 6.0 8.4 d 9373 39.65 6163 6273
6 S4LV 4.4 8.6 d 9410 40.20 6198 6279
7 S4LZ 1.2 4.9 d 9385 39.94 6136 6278
8 S5 14.9 38.5 d 9383 39.93 6123 6281
9 S5LV 8.7 20.8 d 9341 39.41 6143 6279
10 CCsl 15 d 9262 38.43 6139 6261
11 CCs2 2.5 d 9268 38.39 6113 6262

Note: a) the value calculated on the basis of the additive principle, i.e., the percentage of components in
the co-agglomerate; b) the value for pure e-CL-20; c) the value for the £-CL-20 of ‘common’ (technical)
quality; d) this paper respect to the crystal structure of CACs; b) a graphic overview of impact-sensitivity
values; ¢) a graphical comparison of the detonation parameters.

In the formation of CL-20/BCHMX co-crystals, the Raman spectra show the formation of =C-H:-O—
hydrogen bonds between —NO, and —CH, groups [20]. A comparison of the positions of the S5 and S5LV
data reveals the importance of the molar ratio of coformers in CACs; both of these samples are
agglomerated in n-butanol but differ in the aforementioned ratio. The relations in Figure 3.2.5a suggest that
the optimal (stoichiometric) molar ratio of CL-20 to BCHMX could be about 2:1. All of this is consistent
with the results of the theoretical work of Feng et al. on the relationship between the molar ratio of the CL-
20 polymorphs and other coformers (including HMX) on the one hand and the binding energy in the
corresponding co-crystals on the other [21]; this energy is used as a scale factor indicating how strongly the

molecule is attached to the crystal face [18, 19].

The well-known relationship between performance and impact sensitivity is represented here in Figure
3.2.5b [6, 8, 23, 24]. Roughly speaking, the indirectly proportional relationship between the performance
and sensitivity of energetic materials has the characteristics of a general rule [8, 23] (in Figure 3.2.5b, this
might be the case of the line ‘S5-a-CL-20-S4-S41.Z’°). However, there are exceptions to this rule, which
have not been explained yet [8]. In nitramines, the opposite trend to this dependence has been observed for
RDX, HMX and CL-20 [8], shown for CL-20 in Figure 3.2.5b. The course of dependences for CCs/CACs

with a positive directive makes it appear as if CL-20 were ‘transferring its exceptionality’ to these products.
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The difference in the partial dependence plots is primarily related to the impact sensitivity of the CACs,
which, as earlier noted, strongly depends on the intrinsic crystal quality and the molar ratio of the coformers.
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Figure 3.2.5 Semi-logarithmic relationships between impact sensitivity, expressed as drop energy (in J),
and a) the difference in asymmetric —-NO; stretching vibrations (the vibration in pure CL-20 minus those
in CCs/CACs); b) voluminal energy of explosion

Nevertheless, the CL-20 of ‘normal quality’ (i.e., the impact sensitivity of around 4 J) and BCHMX do not
belong to the mentioned exceptions [8]. Like in Figure 3.2.5a, the position of the data of the samples CCs1,
CCs2, S4LZ and S4LV in Figure 3.2.5b is also undoubtedly caused by the disturbances of their crystals,
co-agglomerated in chloroform. This is true regardless of the close correlations of their data with the
corresponding sub-dependences in Figure 3.2.5b, each of which might connect the CACs/CCs data with a
similar construction of their crystal lattice. Figure 3.2.5b also clearly shows that CACs with a CL-
20/BCHMX molar ratio lower than 1.8 have higher impact sensitivity than the pure CL-20 modifications,
and the products obtained by classical co-crystallization (CCs1 and CCs2) have it even higher than pure
BCHMX. In paper [21], it is documented that for a B-CL-20/B-HMX co-crystal, the relationship of the
molar ratio of these coformers to the binding energy should have a convex shape with a minimum for the
molar ratio of 1:2 (thus a possible dual effect on the stability of this CC). Therefore, the surprisingly low
impact-sensitivity value of the S5 sample (14.9 J) could be within expectations. Given the importance of

this ratio demonstrated here, further theoretical but mainly practical research in this area is needed.

A new finding of this section is that the CACs studied have lower detonation energies than would be
consistent with the percentage of individual coformers in these crystals. This is contrary to the general view
about the detonation parameters of explosive mixtures [2, 3, 25]. Taking into account our findings about
the detonation parameters of CACs based on DATB and nitramines [2, 3] and accepting the view opinion
of Prof. Urbanski on the possible role of entropy in these mixtures [25], we may, based on the Boltzmann-—
Planck microscopic definition of the entropy of a system [26], arrive at the following reasoning: CCs/CACs

based on DATB/nitramine mixtures comprise coformers of substantially different chemical nature
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(polynitroarenes versus nitramines) [2, 3]. However, our analogous CL-20/BCHMX CCs/CACs include
mixtures of structurally different but chemically identical substances.

Therefore, the former group of CCs/CACs represents a much more disordered system (the detonation
parameters are higher than those that have been calculated from the content of coformers in mixtures [2,
3]); in the latter, comprising nitramines, it is the opposite. In terms of the mentioned Boltzmann—Planck
definition of entropy [26], i.e. on the basis of the logarithm of the physical probability of the state of a
system, the number of the microscopic probabilities of the realisation of this macro state should be very

different for the two mentioned groups of CCs/CACs.

3.2.2.8 Initiation reactivity of cyclic nitramines mixed crystals from the perspective of XPS and
Hirshfield analysis

As earlier mentioned, the nitramines CL20 and BCHMX are crowded molecules (deformed valence angles)
[27, 28], which is not the case of the TTAZ molecule [1] — this is evident from the corresponding ORTEP
3D structures of these nitramines, shown in Chapter 2 Materials section. This may be the main reason for
the significant differences in the binding energies of the first two nitramines and their CACs to those of
TTAZ. Unlike the others, TTAZ is a simple heterocyclic compound, having fewer N and O atoms, as a
result of which the interaction in the electronic cloud of these elements is weaker. Consequently, the sorts
appear with lower binding energy. The CACs studied in the present work are co-crystals formed between
B-CL20 and BCHMX (with the exception of samples S5 and CCsl). It is well known that common
intermolecular interactions, hydrogen bonds (HBs) and n-n-stacking, consolidate co-crystals as single-
component energetic crystals [29, 30, 31]. The determination of the above-mentioned interactions in these
CACs using molecular X-ray techniques is hampered by the very small size of their crystals (below 0.1
mm). By applying IR techniques (FTIR and Raman), we identified the formation of hydrogen bonds
between -NO. and -CH; groups, as confirmed using XPS in the nanocrystals of 1,3,5-trinitro-1,3,5-
triazinane (RDX) co-agglomerated with those of CL20 [20]. In the case of a similar hydrogen bond of the
=N-H-0-N= type in the co-crystals of 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX) with 1,3,5-triamino-
2,4.6-trinitrobenzene (TATB), the intermolecular interaction increased the HMX original binding energies
of 405.5 eV (N 1s) and 532.6 eV (O 1s) to 406.7 eV and 533.2 eV, respectively [32].

Co-crystal (CCs) formation inherently leads to products with a more random intermolecular ordering and
with lower variability in intermolecular interactions than the original pure EMs [30]. This increases the
entropy and subsequently results in the formation of CCs, which could also affect photon emission (in this

respect, it resembles the concept of high-entropy alloys [33]).
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3.2.2.9 The Hirshfeld surface analysis of co-crystals

The intermolecular interactions in the pure conformers have been analyzed using the Hirshfeld-surface
method [34, - 38]. The normalized contact distance (dnorm) is calculated based on the distances d;i and de
from the surface to the nearest atom interior and exterior to the surface, respectively. In this study, both d;
and d. were constrained to the range of 0-2.6 A. The color mapping employed in this study is utilized to
differentiate the varying levels of intensity across points. Specifically, the color red is used to represent
high intensities, whereas the color blue marks low intensities. Hence, the observation of the spatial
distribution of the points (d;, de) and their corresponding frequencies on the surface helps in understanding
the intensity of these interactions. The Hirshfeld surface areas obtained are illustrated for the pure

conformers in Figure 3.2.6.

The red dots in the Hirshfeld analysis are actively involved in the intermolecular interactions along with
interlayered interactions and help to reduce the sliding impact at the molecular level [39]. In the Hirshfeld
analysis, 3-CL20 showed more red dots than e-CL20. This is also the reason why most of the energetic-
energetic CL20 co-crystals are exhibited in the B-CL20, which is thus more cooperative in intra- as well as
intermolecular interactions. At the same time, a comparison of the Hirshfeld surfaces of both forms of CL20
has indicated that the shape of the molecule involved in an energetic B-CL20 crystal resembles a block with
a larger number of red dots on the block edge, with the crystal tending to slide easily along the molecular
plane. Therefore, B-CL20 has larger numbers of these red dots dispersed in various orientations and exhibits
increasingly difficult sliding with high, even forbidden, energy barriers, which may further contribute to
the impact resistance of the CACs S4 and S5 (a correlation between intermolecular interactions and the
sliding properties of a crystal has been found earlier [35]). Curvature analysis has shown that the curvature
of the coformers affects their interactions. It further affects the geometry and strength of the intermolecular

interactions, altering the energy landscape of the co-crystal lattice.

An earlier analysis has found that the intermolecular interactions of the main co-crystals are formed by —
N-O-, -N~H—, OO and —O"H- non-covalent contacts (Fig. 1A (i)). Especially the —OO— interactions
stabilize forces in the molecular crystal environment [40], whereas —N~H—, —N~O— and —O~H— are
involved in more NO;- - -n-like interactions of n—x stacking [41]. In the current study, a mutual comparison
of the B- and e-forms of CL20 has shown that the intermolecular fingerprint plots of these interactions are
more stable for the B-isomer (Fig. 1A (i)), which might be another reason for CL20 in its co-crystals with

polynitro coformers exhibited as f-CL20.

Furthermore, the presence of a consistent arrangement of red and blue triangles inside a specific area of the
shape-index surface can be identified as a distinctive feature of n-n stacking [42], as depicted in Figure

3.2.6 A (ii). The mapping of curvedness on the Hirshfeld surfaces ranges from red to blue, while the shape
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index varies from red to blue (the maximum and minimum values given below the mapped images). The
appropriate scale has been used to map the distance property of each pure coformer in order to optimize the
information obtained and facilitate a direct comparison between related structures. The feature depicted in
Figure 3.2.6 A (ii ¢) is manifested as a predominantly uniform green area on the surface of f-CL20, with
contact distances being highly similar. The area of e-CL20 is smaller than that of -CL20, which explains
why CL20 exists in the co-crystals of CL20/BCHMX in its 3-CL20 form.

A)
)

Minimum Mean Maximum Minimum  Mean  Maximum

-4.2971 -0.9069 0.2874 -0.9970 0.2318 0.9984

b) e)

Minimum ~ Mean  Maximum Minimum  Mean Maximum
-4.0182  -0.8863 0.3296 -0.9917 0.2095 0.9977

Minimum  Mean  Maximum Minimum  Mean Maximum

d)

-3.9874  -0.9286 0.3608 -0.9914 0.2545 0.9957

a) b) c)

Figure 3.2. 6 A) The Hirshfeld analysis of the pure coformers with their three angle views: i) BCHMX
[cell vol.: 249.56 A3; area: 245 A?] , ii) e-CL20 [cell vol.: 345.24 A% area: 305.50 A?] and iii) B-CL20 [cell
vol.: 350.32 A3; area: 300.0 A?] and iv) TTAZ [cell vol.: 212.24 A3 area: 207.23 A?]; an analysis for the
“dimer” of TTAZ (a local n-x stacking by the —NO; in position 3 of its molecule [1, 43]).

B) The curvedness plots of the pure coformers a) BCHMX, b) e-CL20 and ¢) f-CL20 and d) TTAZ with
the minimum, maximum and mean values, and the shape indices of €) BCHMX, f) e-CL20, g) p-CL20 and
h) TTAZ with the minimum, maximum and mean values [CIF files accessed from [42 - 46].
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C) The Hirshfeld analysis of the fingerprint plots of the coformers BCHMX, ¢- & B-CL20, and TTAZ; the
dnorm function exhibits symmetry in relation to the distances from the nuclei inside and outside the Hirshfeld
surfaces (di and de, respectively) to their corresponding van der Waals (vdW) radii.

3.2.2.10 Initiation reactivity in terms of impact sensitivity

Impact sensitivity is expressed as the amount of the fall (or drop) energy, Eqr, needed for the initiation of

the given EM with 50% probability [8, 47]. A semi-logarithmic relationship between this sensitivity and
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the >N NMR chemical shift, 3, of the nitrogen atom in the most reactive nitramino group (the primary
homolysis of the N-N bond [46]) has been described and explained. It is expressed by Eqn. 1 [8, 24, 43, 48,
49]:

In Ear = 0.8 + P. 1)

From the § values, it is the most convenient to use in this correlation the °N shifts of the aza-atoms of the
mentioned nitramino group, because these chemical shifts, dn, are influenced by nitrogen hybridization, the
size and conformation of the molecule, and the extent to which the nitrogen lone pair is involved in -
bonding with the —-NO- group [50]. In the intermolecular interactions in the respective crystals, the role of
the conformation and size of molecule is crucial in the achievement of a stable crystal lattice; therefore,

these factors have a significant influence on the impact sensitivity.

Figure 3.2.7a shows the relationship between the impact sensitivity (expressed as drop energy) and the N
1s binding energies: With growing Ening, the sensitivity values decrease, which is within expectations. The
“TTAZ — B-CL20 — S5” straight line connects structurally very closely related substances (the skeleton of
TTAZ forms a part of the B-CL20 globular skeleton, and this nitramine is the predominant component of
the co-crystal S5). This line may also prove that the CACs S5 could be a co-crystal as discussed earlier.
The rest of the CACs (mixtures of co-crystals with 3-CL20) form a separate relationship; for molecular-

structural reasons, pure nitramines, e-CL20 and BCHMX, do not correlate with any of the lines.

A similar relationship between the impact sensitivity and O 1s binding energy is presented in Figure 3.2.7b.
Oxygen atoms are concentrated on the surface of the nitraminic molecule and are directly involved in
intermolecular interactions mainly through HBs, -7 stacking and van der Waals interactions (the presence
of strong electron-withdrawing —NO> groups could be responsible for the formation of mainly HBS).
Without the molecular X-ray, it is impossible to specify these interactions for the studied CACs accurately.
The Ebping Values here are should also be affected by the deformation of the valence angles in -CH,-N-CHa-
clusters, which feature the longest N-N bonds: The valence angles are 109.89° in BCHMX [14], 109.2° in
for B-CL20 [28] and 107.98° in for e-CL20 [30] in comparison with 124.6° in N,N-dimethylInitramine [51],
which is taken as a standard (the ORTEP 3D structures of these nitramines are shown in Chapter 2,

Materials and methods).

Figure 3.2.7b, compared to Figure 3.2.7a, thus reflects the deformations of the molecules and their
intermolecular interactions through nitro groups rather than their similar molecular structures. The line with
a positive slope in Figure 3.2.7b connects the data that, except for S4LZ and CCs1, show a correlation with
another two dependence relations in this figure (see also Figure 3.2.13 and the related discussion); except
for the CCs1 and e-CL20, the samples are CACs with f-CL20/BCHMX molar ratios ranging from 1.52 to
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1.57 (see also Figure 3.2.7b). Concerning another important mechanical sensitivity of the studied
substances, i.e. friction sensitivity, there is also a semi-logarithmic relationship between it and impact

sensitivity [43].
16 16
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Figure 3.2.7 The relationships between the impact sensitivity, expressed as drop energy, and binding
energies of the nitramines used in this study (the numbers in parentheses indicate the molar ratio of p-
CL20/BCHMX): a) for the N 1s binding energy (N-NO) and b) for the O 1s binding energy (NO.).

3.2.2.11 Initiation reactivity in terms of electric spark sensitivity

Electric-spark sensitivity is the energy of an electric spark that has a 50% probability of initiating
the energetic material under investigation [52, 53]; the primary chemical step of this initiation is
the addition of an electron to the nitramine group with the subsequent homolysis of the N-N bond
c. The relationships between electric-spark sensitivity and binding energies are documented in
Figure 3.2.8.

Here, the dependence of the N 1s Eping (Figure 3.2.8a) shows the effect of the high molecular-structural
similarity between the TTAZ, B- and e-CL20 nitramines and influence of the sensitization of CL20 by the
addition of BCHMX to it, which leads to CACs. In Figure 3.2.8b for the O 1s Euing, the trend of Figure
3.2.8a, i.e. the increasing resistance of CACs to electric spark with increasing Eping, is essentially
maintained, which appears to be logical and thus confirms the mechanism of the primary step of the fission

of the nitramine molecules by electric spark [52].
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Figure 3.2.8 The relationships between the electric-spark sensitivity (here expressed as the energy of an
electric spark) and binding energies of the nitramines under study: a) for N 1s binding energy and b) for O
1s binding energy.

3.2.2.12 Initiation reactivity in terms of detonation velocity

The explosion process of any explosive is defined by detonation velocity (D), detonation pressure (P) and
the heat of explosion [8, 54], between which there are specific relationships [8]. The pressure effects (shock
waves) are directly related to the initiation of this process, but the detonation velocities is more readily
available experimentally. The XPS method and the information provided above led to the selection of the

detonation rate as a representative for the initiation impulse in this case.

In terms of the physics of explosion, detonation is a hydrodynamic quantity [54]. In the perspective of
classical reaction kinetics, detonation appears as a zero-order reaction [55, 56]; in this context, the relations
between this zero-order rate and the reaction constants of both the zero-order and unimolecular thermal

(uncatalyzed) decomposition of EMs have been described for example in [43, 55, 56].

A simple comparison of the binding energy with the detonation velocity, calculated for the maximum
crystal density of the nitramines studied, is presented in Figure 3.2.8. The corresponding correlation for the
Ebina N 1s (Figure 3.2.9a) again does not include BCHMX and e-CL20 because of the emission of the
internal-nitrogen aza- and nitro-atoms. However, the influence of the -x stacking between the coformers
molecules, in which nitro groups participates, is not to be excluded (this local stacking has been described
for TTAZ crystals, where it stabilizes the longest N-N bond in position 3 [1, 43]). This relationship is much
better captured by the application of the O 1s Euing (Figure 3.2.9b), i.e. for the emission of photons from the

oxygen atoms that directly participate in intermolecular interactions in the crystal via HBs.
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Figure 3.2.9 The relationships between the calculated detonation velocity and binding energy of the
nitramines in the present study: a) for N 1s binding energy and b) for O 1s binding energy.

Whereas the lines in both parts of Figure 3.2.9 with positive slopes are related to pure nitramines and the
co-crystal CCs1, and hence the relationship is within expectations, the dependence lines of the CACs have
negative slopes. The introduction of the foreign, rigid and angular-shape BCHMX molecule [14] in a non-
stoichiometric molar ratio into the CL20 crystal lattice should increase the disorder of the resulting mixture
of CCs and B-CL20. The subsequent intermolecular interactions may lead to unfavorable packing structures
(reduction in the packing coefficient), very important features in the crystal engineering of EMs [29, 31],
which would immediately be manifested by a decrease in crystal density (see in Figure 3.2.10). If we also
take into account the possibility of an increase in entropy upon CC formation [31], these assumptions should
be reflected in the dependence lines with a negative slope in Figure 3.2.9 (which is not valid here for the
data of pure nitramines for BCHMX). Our previous work [41] mentions the steric problem of the optimal
placement of the BCHMX molecule in the crystal lattice, and thus its crystal density, as compared to its
monocyclic analog HMX).

It is well known that there is a linear relationship between the detonation velocity of explosives and their
density. Therefore, it comes as no surprise that there is a relationship between the maximum crystal density
and the O 1s binding energy, with exactly the same division of the nitramines studied into subgroups as in
the analogous detonation relationship (compare Figure 3.2.9b with Figure 3.2.10). This means that the same
intermolecular interactions influence both the crystal density and the detonation initiation, which is logical.
On the other hand, the emission from the internal-nitrogen atoms leads to a similar conclusion as in the case
of Figure 3.2.9 (also see Figure 3.2.10), except for the group CCs1 — S4 — S5, which, in the sense of the
trend in this relationship, exhibits the property of pure nitramines (CCsl and S5 are demonstrably co-

crystals, with their crystal lattices being better arranged than those of the other agglomerates).
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Figure 3.2.10 The relationships between the maximum crystal density (taken from Table 2) and the binding
energy of the nitramines studied: a) for N 1s binding energy and b) for O 1s binding energy.

3.2.2.13 The viewpoint of energy

This aspect is related not only to the relative explosive strength of the explosives but also to their sensitivity

and hence the safety of their handling [57]. A high performance and energy content of energetic materials

are usually accompanied by an enhanced sensitivity, and insensitive explosives generally do not exhibit an

optimum performance; it has been shown that this might be considered a general rule (Licht’s rule), but this

opinion has not yet been supported by a satisfactory theory [8, 43, 58].

Therefore, it is not without interest to understand the relationship between the energy content of the

nitramines and the electron emissions from reaction centers of these nitro-compounds. For the nitramines

in the present study, this is presented in Figure 3.2.11. The relationship suggested in Figure 3.2.11a for the

N1s Eping is consistent with similar relationships for impact sensitivity (Figure 3.2.7a), electric-spark

sensitivity (Figure 3.2.8a) and, to some extent, also for detonation velocity (Figure 3.2.9a); specifically,

with the decreasing values of Eping (increasing AHrom Values), the initiation reactivity of the investigated

EMs increases.

The situation is more complicated in the case of the correlation with the O 1s Eping: the 0Xxygen atoms are

directly involved in the intermolecular interaction in nitramines via the corresponding HBs [31-35]. It is

known that hydrogen bonds increase physical stability and that they increase reactivity in general (they act

in opposite directions) [58] - for an increase in the thermal reactivity of CACs due to HBs, see for example

[57]. The above-mentioned increase in reactivity, depicted in Figure 3.2.7a, would be reflected in the

dependence lines with a negative slope, which are consistent with the lines in Figure 3.2.11b.
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Based on its relatively high impact sensitivity, lower thermal stability, and slightly lower thermal reactivity
compared to CL20, BCHMX should be the most reactive of the CAC-forming coformers discussed in this
study [56]), because it also has the most deformed valence angle -CH,-N-CH.- (as earlier mentioned) with
a pyramidal arrangement of the nitrogen atom [59]. This could be a reason for the arrangement of BCHMX
dependence lines in Figure 3.2.11b, i.e. their common point (intersection). In other words, BCHMX should

be the bearer of reactivity for all the mixed crystals studied here.
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Figure 3.2.11 The relationships between the energetic content of the nitramines studies, expressed as the
enthalpy of formation, AHsm, and binding energy (the data for TTAZ, whose molecule is not crowded, are
outside the range used in this Fig., with its AHsm being 41 kJ mol [60]): a) for N 1s binding energy and
b) for O 1s binding energy.

Figure 3.2.8 also shows that the insertion of BCHMX into the crystal lattice of CL20 leads to a rather
significant decrease in the energy content of the resulting CCs and CACs with a decrease in the Eping Values
from BCHMX to CL20 (especially to its B-isomer). The decrease of Ening is lower in the S5 sample, which
also shows a higher resistance to impact than its coformers (see Figure 3.2.7) and the lowest sensitivity to
electric spark among the CACs (see Figure 3.2.8).

3.2.2.14 Interesting relationships involving Raman and FTIR spectroscopy findings

Details of Raman and FTIR spectroscopy analyses along with their corresponding results have been taken

from [15]; for more details, see also Chapter 2 Materials section.

3.2.2.14.1 Raman spectroscopy

As mentioned earlier, a directly proportional relationship between the in-plane ring deformation vibrations
and the enthalpy of formation of the CCs and CACs under study was described. A similar approach to that
applied in the case of the Eping Values in that work has revealed a semi-logarithmic relationship, which is
shown in Figure 3.2.12. In this sense, only the O 1s Eing Values are correlated (the analogous N 1S Epidn has

provided no relationship). This relationship should be a manifestation of the existence of the interaction of
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peripheral oxygen atoms (in the nitro groups) with the hydrogen atoms of methylene groups (part of the
nitramine skeletons) in the neighboring molecules via intermolecular HBs. It is related to a certain
molecular similarity in the crystal lattices starting from BCHMX and ending with the sample S5LV; this
arrangement should be different from those in the samples S4LV, S4LZ and CCs1. In this context, it is
worth recalling Figure 3.2.7a, where the impact-sensitivity data of these samples show a positive
relationship with the O 1s Eping Values. These samples have the highest impact sensitivity of the nitramines

studied and, with the exception of CCsl, a relatively high sensitivity to electric spark.
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Figure 3.2.12 The semi-logarithmic relationship between the in-plane ring deformation vibrations and the
O 1s binding energies of the nitramines studied (the required spectroscopic data have been taken and are
also summarized in Chapter 2 Materials section).

3.2.2.14.2 FTIR Spectroscopy

The most interesting of the FTIR spectroscopy results are the symmetric N-O stretching vibration, whose
relation to the N 1s Eping is presented in Figure 3.2.13 (the application concerning the O 1s Eping has not
yielded satisfactory results). As mentioned earlier, the N 1s emissions are rather tightly coupled to the
conformation and size of the molecule. On the other hand, the oxygen atom of the N-O group interacts with
the neighboring molecules (via HBs), after which the whole nitro group can participate in n-n-stacking
(e.g., in position 3 in the TTAZ molecule [1, 43]). This logically corresponds to the inversely proportional
relationship of the N-O stretching vibration. Eping N 15 in Figure 3.2.11 shows the relationship between the
force constant of the N-O bond and this energy (for the relationship between the force constants of nitrogen-

oxygen compounds and the frequencies of the corresponding N-O bond stretching, see [61]).

For these reasons, pure nitramines, and co-crystal S5 are again distinguished from other CACs in the sense
of Figure 3.2.13. Therefore, this can be used as another auxiliary relationship to differentiate CCs from
CACs.
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Figure 3.2.13 The relationship between symmetric N-O stretching vibration and the N 1s binding energies
of the nitramines studied (the spectroscopic data required have been taken and are also summarized in
Chapter 2 Materials section).

3.2.3 Summary

Producing &-CL-20 and cis-1,3,4,6-tetranitrooctahydroimidazo-[4,5-d]imidazole co-crystallize is an
extremely difficult process. Nonetheless, the co-precipitates (micro-co-particles) of the two nitramines
produce excellent outcomes when they primarily agglomerate in protogenic medium—n-butanol, using the
slurry method. In addition to the co-agglomeration medium, the molar ratio of the two components plays a
significant role. This leads to a co-crystal with significantly lower impact sensitivity (14.9 J for the B-CL-
20/BCHMX molar ratio = 1.8) compared to pure &-CL-20 (13.2 J). This finding is not unexpected,
considering previous research on the correlation between binding energies in CL-20 isomer co-crystals and
the molar ratio of the coformers within them. One sample, obtained by classical co-crystallization, has both
a- and B-modifications, while the PXRD analysis of the prepared CACs has revealed that CL-20 is present
in them as its B-modification. The use of Raman, FTIR, and PXRD techniques has demonstrated that CL-
20/BCHMX mixed micro-co-particles aggregate to form mixed crystals, most of which exhibit co-crystal
properties (CCs).

Also, XPS and Hirshfield analysis revealed that, in terms of co-crystal identification among CACs,
interesting relationships have been found between binding energy and FTIR-spectroscopy results. The
semi-logarithmic relationship of Raman ring deformation vibration with the O 1s Eping confirms that
intermolecular interactions in the crystals studied probably occur via HBs and highlights crystals with
internal molecular arrangements different from CCs, BCHMX and &-CL20. The Hirshfeld analysis of CL20
has shown more stable intermolecular fingerprint plots for its B-isomer than for its e-analog, which might
account for the stabilization of this particular nitramine in co-crystals with polynitro coformers in the f3-

CL20 polymorphic modification (in general, see [62]).
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In addition, FTIR symmetric N-O stretching vibrations versus the N 1s Eping Values sharply distinguish the
CCs and pure nitramines from the CACs. In both cases, both vibration and stretching increase with
decreasing Ening Values. In most cases, the presence of CCs during co-agglomeration can be confirmed by
the logical relationships between the heat of formation and ring-deformation vibrations (in plane), as well
as between the impact sensitivity and the difference in the asymmetric -NO2 stretching vibrations in pure
CL-20 and its CCs.

References

[1] S. Zeman, T. Atalar, and A. Ruzi¢ka, “N-N Bond Lengths and Initiation Reactivity of Nitramines,” Cent. Eur.
J. Energ. Mater., vol. 17, no. 2, pp. 169-200, Jun. 2020, doi: 10.22211/cejem/122723.

[2] V. B. Patil, K. Zalewski, J. Schuster, P. Belina, W. Trzcinski, and S. Zeman, “A new insight into the energetic
co-agglomerate structures of attractive nitramines,” Chemical Engineering Journal, vol. 420, Sep. 2021, doi:
10.1016/j.cej.2021.130472.

[3] V. B. Patil, P. Bélina, W. A. Trzcinski, and S. Zeman, “Preparation and properties of co-mixed crystals of 1,3-
di- and 1,3,5-tri-amino-2,4,6-trinitrobenzenes with attractive cyclic nitramines,” Journal of Industrial and
Engineering Chemistry, vol. 115, pp. 135-146, Nov. 2022, doi: 10.1016/j.jiec.2022.07.043.

[4] R. Lewczuk, P. Ko$lik, and J. Re¢ko, ‘“Performance of BCHMX in Small Charges,” Propellants, Explosives,
Pyrotechnics, vol. 45, no. 4, pp. 581-586, 2020, doi: 10.1002/prep.201900315.

[S5]M. Ghosh, S. Banerjee, M. A. S. Khan, N. Sikder, and A. K. Sikder, “Understanding metastable phase
transformation during crystallization of RDX, HMX and CL-20: experimental and DFT studies,” Phys. Chem.
Chem. Phys., vol. 18, no. 34, pp. 2355423571, Aug. 2016, doi: 10.1039/C6CP02185A.

[6]S. Zeman, “Sensitivities of High Energy Compounds,” in High Energy Density Materials, vol. 125, T. M.
Klapoétke, Ed., in Structure and Bonding, vol. 125. , Berlin, Heidelberg: Springer Berlin Heidelberg, 2007, pp.
195-271. doi: 10.1007/430_2006_052.

[7]M. Jungova, S. Zeman, A. Husarova, “Friction Sensitivity of Nitramines. Part III: Comparison with Detonation
Performance () ,” Chinese J. Energet. Mater, vol. 19, no. 6, pp. 603606, doi: 10.3969/j.issn.1006-
9941.2011.06.003.

[8]S. Zeman and M. Jungova, “Sensitivity and Performance of Energetic Materials,” Propellants, Explosives,
Pyrotechnics, vol. 41, no. 3, pp. 426451, Jun. 2016, doi: 10.1002/prep.201500351.

[9]1 M. Ghosh, A. Sikder, S. Banerjee, M. Talawar, and N. Sikder, “Preparation of reduced sensitivity co-crystals of
cyclic nitramines using spray flash evaporation,” DEFENCE TECHNOLOGY, vol. 16, no. 1, pp. 188-200, Feb.
2020, doi: 10.1016/j.dt.2019.05.018.

[10] G. Yan et al., “Phase Retransformation and Void Evolution of Previously Heated HMX-Based Plastic-Bonded

Explosive in Wet Air,” J. Phys. Chem. C, vol. 121, no. 37, pp. 20426-20432, Sep. 2017, doi:
10.1021/acs.jpcc.7b04165.

108



[11] Z. G. Aliev et al., “Polymorphism of bimolecular crystals of CL-20 with tris[1,2,5]oxadiazolo[3,4-b:3",4"-
d:3",4"-flazepine-7-amine,” Russ Chem Bull, vol. 66, no. 4, pp. 694—701, Apr. 2017, doi: 10.1007/s11172-017-
1794-8.

[12] D. S. Viswanath, T. K. Ghosh, and V. M. Boddu, “Properties of Insensitive Energetic Materials and Their
Measurement,” in Emerging Energetic Materials: Synthesis, Physicochemical, and Detonation Properties, D. S.
Viswanath, T. K. Ghosh, and V. M. Boddu, Eds., Dordrecht: Springer Netherlands, 2018, pp. 1-57. doi:
10.1007/978-94-024-1201-7_1.

[13] D. S. Viswanath, T. K. Ghosh, and V. M. Boddu, “Hexanitrohexaazaisowurtzitane (HNIW, CL-20),” in
Emerging Energetic Materials: Synthesis, Physicochemical, and Detonation Properties, D. S. Viswanath, T. K.
Ghosh, and V. M. Boddu, Eds., Dordrecht: Springer Netherlands, 2018, pp. 59-100. doi: 10.1007/978-94-024-
1201-7_2.

[14] D. Klasovity, S. Zeman, A. Rizicka, M. Jungova, and M. Rohag, “cis-1,3,4,6-Tetranitrooctahydroimidazo-
[4,5-d]imidazole (BCHMX), its properties and initiation reactivity,” Journal of Hazardous Materials, vol. 164,
no. 2-3, pp. 954-961, 2009, doi: 10.1016/j.jhazmat.2008.08.106.

[15] Z. Xue, B. Huang, H. Li, and Q. Yan, “Nitramine-Based Energetic Cocrystals with Improved Stability and
Controlled Reactivity,” Crystal Growth & Design, vol. 20, no. 12, pp. 8124-8147, Dec. 2020, doi:
10.1021/acs.cgd.0c01122.

[16] R. Wiscons and A. Matzger, “Evaluation of the Appropriate Use of Characterization Methods for
Differentiation between Cocrystals and Physical Mixtures in the Context of Energetic Materials,” Crystal
Growth & Design, vol. 17, no. 2, pp. 901-906, Feb. 2017, doi: 10.1021/acs.cgd.6b01766.

[17] A. Elbeih, J. Pachman, S. Zeman, P. Vavra, W. A. Trzcinski, and zbynék Akstein, “Detonation Characteristics
of Plastic Explosives Based on Attractive Nitramines with Polyisobutylene and Poly(methyl methacrylate)
Binders,” Journal of Energetic Materials, vol. 30, no. 4, pp. 358-371, Oct. 2012, doi:
10.1080/07370652.2011.585216.

[18] Fraunhofer Institut fiir Chemische Technologie, Pfinztal, Germany, 2004, “ICT Database of thermochemical
values.” 2004.

[19] P. Z. and C. B. Ou Y., Wang C., “Sensitivity of hexanitrohexaazaisowurtzitane[J],” Chinese Journal of
Energetic Materials(Hanneng Cailiao), vol. 7, pp. 100-108., 1999.

[20] X. Song, Y. Wang, S. Zhao, and F. Li, “Mechanochemical fabrication and properties of CL-20/RDX nano
co/mixed crystals,” RSC Adv., vol. 8, no. 59, pp. 3412634135, 2018, doi: 10.1039/C8RA04122A.

[21] R. Feng, S. Zhang, F. Ren, R. Gou, and L. Gao, “Theoretical insight into the binding energy and detonation
performance of e-, y-, B-CL-20 cocrystals with B-HMX, FOX-7, and DMF in different molar ratios, as well as
electrostatic potential,” J Mol Model, vol. 22, no. 6, p. 123, Jun. 2016, doi: 10.1007/s00894-016-2998-9.

[22] F. Shen, P. Lv, C. Sun, R. Zhang, and S. Pang, “The Crystal Structure and Morphology of 2.,4,6,8,10,12-
Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) p-Xylene Solvate: A Joint Experimental and Simulation
Study,” Molecules, vol. 19, no. 11, Art. no. 11, Nov. 2014, doi: 10.3390/molecules191118574.

[23] H.-H. Licht, “Performance and Sensitivity of Explosives,” Propellants Explos. Pyrotech, vol. 25, no. 3, pp.
126-132, Jun. 2000, doi: 10.1002/1521-4087(200006)25:3<126::AID-PREP126>3.0.CO;2-8.

109



[24] M. Jungova, S. Zeman, and Q.-L. Yan, “Recent Advances in the Study of the Initiation of Nitramines by Impact
Using Their 15N NMR Chemical Shifts,” Central European Journal of Energetic Materials, 2014.

[25] T. Urbanski, “On Entropy and Free Energy of Explosives (preliminary communication)” Bull. TAcademie Pol.
Des Sci. s, Ser. Des Sci. Chim., vol. 28, pp. 511-513, 1980, doi: https://gallica.bnf.fr/ark:/12148/cbh343830642
/date1980.

[26] Ruslan P. Ozerov and Anatoli A. Vorobyev, Physics for Chemists - 1st Edition. 2007. Accessed: Oct. 20, 2023.
[Online]. Available: https://shop.elsevier.com/books/physics-for-chemists/ozerov/978-0-444-52830-8

[27] N. B. Bolotina, M. J. Hardie, R. L. Speer Jr, and A. A. Pinkerton, “Energetic materials: variable-temperature
crystal structures of y- and e-HNIW polymorphs,” J Appl Crystallogr, vol. 37, no. 5, pp. 808-814, Oct. 2004,
doi: 10.1107/S0021889804017832.

[28] O. Bolton and A. J. Matzger, “Improved Stability and Smart-Material Functionality Realized in an Energetic
Cocrystal,” Angew. Chem. Int. Ed., vol. 50, no. 38, pp. 8960-8963, Sep. 2011, doi: 10.1002/anie.201104164.

[29] R. Bu, Y. Xiong, and C. Zhang, “n—r Stacking Contributing to the Low or Reduced Impact Sensitivity of
Energetic Materials,” Crystal Growth & Design, vol. 20, no. 5, pp. 2824-2841, May 2020, doi:
10.1021/acs.cgd.0c00367.

[30] G. Liu, S. Wei, and C. Zhang, “Review of the Intermolecular Interactions in Energetic Molecular Cocrystals,”
Crystal Growth & Design, vol. 20, no. 10, pp. 7065-7079, Oct. 2020, doi: 10.1021/acs.cgd.0c01097.

[31] G. Liu et al., “Energetic Cocrystallization as the Most Significant Crystal Engineering Way to Create New
Energetic Materials,” Crystal Growth & Design, vol. 22, no. 2, pp. 954-970, Feb. 2022, doi:
10.1021/acs.cgd.1¢01090.

[32]J. P. Shen et al., “Preparation and Characterization of a Novel Cocrystal Explosive,” Crystal Growth & Design,
vol. 11, no. 5, pp. 1759-1765, May 2011, doi: 10.1021/cg1017032.

[33] X. Xu et al., “Elemental Core Level Shift in High Entropy Alloy Nanoparticles via X-ray Photoelectron
Spectroscopy Analysis and First-Principles Calculation,” ACS Nano, vol. 14, no. 12, pp. 17704-17712, Dec.
2020, doi: 10.1021/acsnano.0c09470.

[34] P. R. Spackman et al., “CrystalExplorer: a program for Hirshfeld surface analysis, visualization and quantitative
analysis of molecular crystals,” J Appl Cryst, vol. 54, no. 3, pp. 1006-1011, Jun. 2021, doi:
10.1107/S1600576721002910.

[35] C. Zhang et al., “Intermolecular friction symbol derived from crystal information,” CrystEngComm, vol. 15,
no. 34, pp. 6837-6844, Aug. 2013, doi: 10.1039/C3CE40817E.

[36] M. A. Spackman and P. G. Byrom, “A novel definition of a molecule in a crystal,” Chemical Physics Letters,
vol. 267, no. 3-4, pp. 215-220, Mar. 1997, doi: 10.1016/S0009-2614(97)00100-0.

[37] M. A. Spackman and J. J. McKinnon, “Fingerprinting intermolecular interactions in molecular crystals,”
CrystEngComm, vol. 4, no. 66, pp. 378-392, 2002, doi: 10.1039/B203191B.

110



[38] J. J. McKinnon, D. Jayatilaka, and M. A. Spackman, “Towards quantitative analysis of intermolecular
interactions with Hirshfeld surfaces,” Chem. Commun., no. 37, pp. 3814-3816, Sep. 2007, doi:
10.1039/B704980C.

[39] B. Tian, Y. Xiong, L. Chen, and C. Zhang, “Relationship between the crystal packing and impact sensitivity of
energetic materials,” CrystEngComm, vol. 20, no. 6, pp. 837-848, 2018, doi: 10.1039/C7CE01914A.

[40] N. Liu, B. H. Duan, X. M. Lu, and B. Z. Wang, “Investigation of CL-20/TFAZ cocrystal: preparation, structure
and performance,” J. Phys.: Conf. Ser., vol. 1721, no. 1, p. 012005, Jan. 2021, doi: 10.1088/1742-
6596/1721/1/012005.

[41] S. Zeman, A. K. Hussein, A. Elbeih, and M. Jungova, “cis-1,3,4,6-Tetranitrooctahydroimidazo-[4,5-
dJimidazole (BCHMX) as a part of explosive mixtures,” Defence Technology, vol. 14, no. 5, pp. 380-384, Oct.
2018, doi: 10.1016/j.dt.2018.04.002.

[42]1J. J. McKinnon, M. A. Spackman, and A. S. Mitchell, “Novel tools for visualizing and exploring intermolecular
interactions in molecular crystals,” Acta Crystallogr B Struct Sci, vol. 60, no. 6, pp. 627-668, Dec. 2004, doi:
10.1107/S0108768104020300.

[43] S. Zeman, “The Chemical Micromechanism of Energetic Material Initiation,” in Nano and Micro-Scale
Energetic Materials, John Wiley & Sons, Ltd, 2023, pp. 567-623. doi: 10.1002/9783527835348.ch19.

[44] D. Klasovity, S. Zeman, “Process for preparing cis-1,3,4,6-tetranitrooctahydroimidazo-[4,5-d]imidazole
(BCHMX),” Czech Pat. 302068, CO7D 487/04, 2010

[45] F. J. Brockman, G. F. Wright, and D. C. Downing, “Nitrolysis of hexamethylenetetramine: iii. preparation of
pure cyclonite,” Can. J. Res., vol. 27b, no. 5, pp. 469-474, May 1949, doi: 10.1139/cjr49b-049.

[46] T. Atalar, M. Jungova, and S. Zeman, “A New View of Relationships of the N—N Bond Dissociation Energies
of Cyclic Nitramines. Part II. Relationships with Impact Sensitivity,” Journal of Energetic Materials, vol. 27, no.
3, pp. 200-216, Apr. 2009, doi: 10.1080/07370650802640366.

[47] Muhamed Suceska, Test Methods for Explosives. Springer, 2012.

[48] S. Zeman, “Chapter 2 - A study of chemical micro-mechanisms of initiation of organic polynitro compounds,”
in Theoretical and Computational Chemistry, vol. 13, P. Politzer and J. S. Murray, Eds., in Energetic Materials,
vol. 13., Elsevier, 2003, pp. 25-52. doi: 10.1016/S1380-7323(03)80023-7.

[49] S. Zeman, “Chapter 14 - Characteristics of Thermal Decomposition of Energetic Materials in a Study of Their
Initiation Reactivity,” in Handbook of Thermal Analysis and Calorimetry, vol. 6, S. Vyazovkin, N. Koga, and
C. Schick, Eds., in Recent Advances, Techniques and Applications, vol. 6. , Elsevier Science B.V., 2018, pp.
573-612. doi: 10.1016/B978-0-444-64062-8.00006-1.

[50] S. Bulusu, T. Axenrod, and J. R. Autera, “Application of 13C and 15N NMR spectroscopy to structural studies
on nitramines,” Organic Magnetic Resonance, vol. 16, no. 1, pp. 52-56, 1981, doi: 10.1002/mrc.1270160114.

[51] B. Krebs, J. Mandt, R. E. Cobbledick, and R. W. H. Small, “The structure of N,N-dimethylnitramine,” Acta

Crystallogr B Struct Crystallogr Cryst Chem, vol. 35, no. 2, pp. 402-404, Feb. 1979, doi:
10.1107/S0567740879003630.

111



[52] S. Zeman and N. Liu, “A new look on the electric spark sensitivity of nitramines,” Defence Technology, vol.
16, no. 1, pp. 10-17, Feb. 2020, doi: 10.1016/j.dt.2019.06.023.

[53] S. Zeman, “Electric Spark Sensitivity of Nitramines. Part I. Aspects of Molecular Structure*)”.
[54] A. N. Dremin, Toward Detonation Theory. Springer Science & Business Media, 1999.

[55] S. Zeman, Q.-L. Yan, and A. Elbeih, “Recent Advances in the Study of the Initiation of Energetic Materials
Using the Characteristics of Their Thermal Decomposition Part II. Using Simple Differential Thermal Analysis,”
p. 10.

[56] S. Zeman, A. Elbeih, A. Hussein, T. Elshenawy, M. Jungova, and Q. L. Yan, “A modified vacuum stability test
in the study of initiation reactivity of nitramine explosives,” Thermochimica Acta, vol. 656, pp. 16—24, Oct.
2017, doi: 10.1016/j.tca.2017.08.006.

[57] V. B. Patil, R. Svoboda, and S. Zeman, “Towards the thermal reactivity and behavior of co-agglomerated
crystals of DATB and TATB with attractive nitramines,” Thermochimica Acta, vol. 724, p. 179494, Jun. 2023,
doi: 10.1016/j.tca.2023.179494.

[58] S. Zeman, “Thermal stabilities of polynitroaromatic compounds and their derivatives,” Thermochim. Acta, vol.
31, pp. 269-283, 1979.

[59] Y. Shu, B. L. Korsounskii, and G. M. Nazin, “The mechanism of thermal decomposition of secondary
nitramines,” Russ. Chem. Rev.,, wvol. 73, no. 3, pp. 293-307, May 2004, doi:
10.1070/RC2004v073n03ABEH000802.

[60] L. M. Kostikova, E. A. Miroshnichenko, and Y. Matyushin, “The energies of dissociation bonds and efficient
energies of interaction in nitramines,” in Proc. 31st Int. Annual Conf. ICT, Karlsruhe, Germany, 2000, p. 50/1-
50/11.

[61] N. B. H. Jonathan, “Relations between force constants, bond orders, bond lengths, and bond frequencies for
some nitrogen-oxygen bonds,” Journal of Molecular Spectroscopy, vol. 4, no. 1, pp. 75-83, Jan. 1960, doi:
10.1016/0022-2852(60)90066-7.

[62] V. B. Patil, P. Bélina, W. A. Trzcinski, and S. Zeman, “Co-agglomerated crystals of 2,2',4,4',6,6"-hexanitro -

stilbene/-azobenzene with attractive nitramines,” Chemical Engineering Journal, vol. 457, p. 141200, Feb. 2023,
doi: 10.1016/j.cej.2022.141200.

112



3.3 Co-agglomerated crystals of 2,2',4,4",6,6'-hexanitro -stilbene /-
azobenzene with attractive nitramines

COAGGLOMERATION

HOA -
= et ol
o Fich
-
@Y
o -
& Tan rd
-C=C- -N N- G |
fidn

40 8)47.01J HNS ii HNAB 20)20.53J 21)13.41J 22)5.07J

(& D
N 4 ek

7)20.45J 18)11.36J 19)10.48J

18 22 & 39 3,6,8,31&38

Published in

Journal of Chemical Engineering, Vol. 457, 1 P, 141200, DOI:
10.1016/j.cej.2022.141200

113



3.3.1 Background

A slightly more complicated way of reducing the sensitivity of nitramines is to add other, less sensitive
explosives to them and incorporate all this into a polymer matrix, as in ternary blends, containing, for
example, very sensitive BCHMX in mixture with low sensitive 2,4-diamino-1,3,5-trinitrobenzene (DATB)
or 2,2°,4.4°,6,6’-hexanitroazobenzene (HNAB), bounded by styrene-butadiene rubber (SBR) [1]]. The
effect of the addition of both these polynitroarenes on reducing the mechanical sensitivity of the resulting

ternary plastic explosives is significant [1].

Crystal engineering replaces the mechanical mixture of nitramine with the low-sensitive EMs by the co-
crystals by introducing another EM molecule into the crystal lattice of nitramines like DATB and TATB
[2, 3], TNT [4], including own nitramines of a mutually distinct molecular structure [5], etc. However, co-
crystals with TNT have low physical stability due to their low melting point. Much more stable in this
respect is the 2,2°,4,4°,6,6'-hexanitrostilbene (HNS), produced from TNT [6]. It is, therefore, not without
interest to see what effect this thermally stable polynitroarene may have on both the feasibility of preparing
these co-crystals and their properties.

Speaking of HNS (crystallography see in [7, 8]), it is appropriate to mention the geometrically similar
molecule HNAB (its crystallography see in [9, 10]). In the HNS crystal its molecule attains a good
symmetry due to its linkages towards a layered arrangement with hydrogen bonds formation (by hydrogen
atoms of benzene ring) followed by layers further connected by C-H---n ( - 7) stacking with involvement
of hydrogen atoms of the —C=C— bridge [11]. However, it’s different in the case of HNAB which the
molecule is balanced by more intermolecular interactions by nitrogen atoms of the -N=N- bridges with
oxygen atoms in the N-O groupings of ortho-nitro groups [10]. However, there will be more possibility of

interaction of & - 7 stacking after contact with molecules of other energetic materials in crystal lattice [11].

With reference to all here presented yet facts so we explore in this work the possibility of forming co-
crystals (co-agglomerates) from attractive cyclic nitramines and both the aforementioned polynitroarenes,

with a subsequent study of the utility properties of the resulting new EMs.

3.3.2 Results
3.3.2.1 Powder X-Ray diffraction (PXRD) studies:

After Surface morphological analysis to understand the crystallographic morphology, PXRD data of the
HNS and HNAB CACs were collected. The obtained peak intensities 26 values are shown in Table 3.3.1,
and the PXRD diffractograms are shown in Figure 3.3.1. These peak data are divided into two parts; normal
and intense peaks. Once observing the 26, we can see the crystal morphology of pure nitramines and their

CACs with HNS and HNAB. To attain stability, the nitramines undergo phase transition during the co-
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agglomeration process. This is observed by the peaks shifting and their intensities changes in Figure 3.3.2.

These can be seen in an HMX CACs; its changed  to 6 phase during the co-agglomeration (the same

polymorphic change as it is in the case of the co-agglomeration of HMX with DATB, TATB [2, 3] and

nitramines [5]). Whereas the CL-20 in its pure state was in the e phase after co-agglomeration with HNS
and HNAB, it changed to B (similarly it is the case of its co-agglomeration with DATB, TATB [2, 3] and

nitramines [5]). These phase changes were further confirmed with thermal analysis by DTA, in which initial

endothermic changes indicate the phase changes are overlays with the PXRD data. It shows that in 90% of

cases of CL-20 co-crystals, it was observed that CL-20 was found to be in its f-phase; similarly, in the case

of HMX, it was &-phase. It indicates there will be co-crystals formation CACs. In another way, the particles

of the co-crystals, along with the CACs detected, may also be of polycrystalline type.

Table 3.3.1 PXRD data for pure nitramines and CACs

Sr No Code design. 26 values for intense peaks / °
1 -CL-20 14.30, 30.10, 42.98
2 B-CL-20 12.66, 13.86, 30.34
3 BCHMX 9.74, 12.65 and 23.57
4 B-HMX 14.61, 16.31, 24.45, 25.07, 32.31
5 3-HMX 13.10, 17.02, 24.34
6 RDX 9.73, 12.65, 23.59
7 HNS 8.38, 16.84, 34.08, 24.18
8 HNAB 8.56, 17.40, 26.32
9 3 HMX/ HNS 14.48, 20.32, 22.82, 31.32
10 6 HMX/ HNS 14.52, 20.36, 22.90, 31.78
11 8 HMX/ HNS 14.48, 20.38, 22.88, 31.78
12 17 RDX/ HNS 17.30, 17.78, 25.30, 29.20
13 18 CL-20/ HNS 11.98, 13.62, 27.90
14 19 BCHMX/ HNS 9.98, 12.90, 16.18, 23.86
15 20 RDX/ HNAB 13.44,27.02, 29.32
16 21 BCHMX/ HNAB 12.94, 21.42, 23.88
17 22 CL-20/ HNAB 8.72,21.51, 33.22
18 31 HMX/ HNAB 20.50, 23.01, 29.62,
19 38 HMX/ HNAB 20.52, 23.01, 29.67, 31.88
20 39 CL-20/HNAB 8.76, 21.48, 23.32

3.3.2.2 Morphology and Particle size analysis

The morphological changes in CACs were analyzed using FESEM, and its influence on the CACs sizes

was analyzed using particle size analysis techniques (shown in Figure 3.3.2 and Table 3.3.2). All CACs
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showed irregular-shaped particles. In the case of HNS CACs, crystals penetrated each other, whereas, in
the case of HNAB CACs, samples showed infirmity with layered structures. In the case of 3 HMX/ HNS
and 6 HMX/ HNS, HNS crystals showed penetration in respective nitramines crystals with smoother
surfaces, whereas 8 HMX/ HNS showed different crystals are like sugar cubes with uniform mixed with
HMX with porosity also clearly visible. It is also interesting that porosity crystals were found to be smaller
as compared to the other two HMX CACs with HNS. Then the 17 RDX/ HNS nitramines showed soft edges
with the accumulation of HNS crystals, followed by the 18 CL-20/ HNS, showed uniform crystal
distribution with slightly sharper edges. Next 19) BCHMX/ HNS showed slightly columnar crystals with
uniform and smoother surface areas. Coming HNAB CACs, 21 BCHMX/ HNAB; 22 CL-20/ HNAB; and
39 CL-20/ HNAB are shown unique layered structured structures. This crystal is hexagonal in shape on the
side of a larger surface area, with a uniform surface and sharp edges. These crystals are very soft and
crystalline in physical observation. In the case of 20 RDX/ HNAB, these crystals are observed on segregated
and uniform surfaces with smoother edges. This is followed by the case of 31 HMX/ HNAB crystals, which
are found to have uniform surfaces, slightly porous, with broken edges. Similarly, in the case of 38 HMX/

HNAB also shows crystals with broken edges; however, crystals have a smoother surface here.

Overall, observations obtained from the FESEM images also showed that the HNS and HNAB particles
showed uniform distribution in all cases. Except for the slight porosity and broken edges (especially in the
case of 22 CL-20/ HNAB; 31 HMX/ HNAB; and 39 CL-20/ HNAB), all cases particles are observed with
smoother surfaces with closed surfaces. The solvent used for co-agglomeration played a very important
role in crystal morphology compared to the solvent used in the co-precipitation. These active interactions
between the crystals show a strong influence formation of molecular crystals [11, 12]. These also helps
crystals achieve/retain the higher density in CACs. As mentioned before, except for three CACs, these
interactions strongly influence CACs to withstand the higher impact (i.e., impact sensitivity), which is

discussed in the next part.
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Figure 3.3.1 PXRD diffractograms of CACs; 3 HMX/ HNS; 6 HMX/ HNS; 8 HMX/ HNS; 17 RDX/ HNS;
18 CL-20/ HNS; 19 BCHMX/ HNS; 20 RDX/ HNAB; 21 BCHMX/ HNAB; 22 CL-20/ HNAB; 31 HMX/
HNAB; 38 HMX/ HNAB and 39 CL-20/ HNAB

117




Figure 3.3.2 FESEM images of co-crystals a & b) 3 HMX/ HNS, ¢ & d) 6 HMX/ HNS, e & f) 8 HMX/
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HNS, g & h) 17 RDX/ HNS, i & j) 18 CL-20/ HNS and k & 1) 19 BCHMX/ HNS; a2 & b2) 20 RDX/
HNAB: c2 & d2) 21 BCHMX/ HNAB: €2 & f2) 22 CL-20/ HNAB; g2 & h2) 31 HMX/ HNAB; i2 & j2)
38 HMX/ HNAB: k2 & 12) 39 CL-20/ HNAB

Table 3.3.2 Particle size measurements of CACs

Particle size analysis

Solvent system

SrNo Code design. Sol / antisol / CASol S”(r:ﬁz"/f(s)r 8 Dv10)pM  Dv(50)uM  Dv(90) uM
1 3HMX/HNS DMSO / water / BuOH 1596 1.93 5.92 20.1
2 6HMX/HNS DMSO / water / BUOH 1973 1.36 6.49 26.7
3 8HMX/HNS DMSO / water / BUOH 1732 1.44 452 13.1
4 17 RDX/HNS DMF / water / CHF 2089 1.36 6.05 23.6
5 18 CL-20/ HNS DMF / water / CHF 1772 1.49 8.76 34.2
6  19BCHMX/HNS  DMF/water / CHF 1547 1.79 6.87 20.2
7 20 RDX/ HNAB DMK / hexane / CHF 441.3 10.1 27.2 54.8
8  21BCHMX/HNAB DMK /hexane / CHF 629.4 5.59 19.8 61.8
9  22CL-20/HNAB DMK / hexane / CHF 1056 3.35 10.8 25.1
10 31 HMX/HNAB DMK / hexane / CHF 912.4 3.98 15.8 41.9
11 38 HMX/HNAB DMK / hexane / CHF 792.0 4.30 15.8 62.9
12 39 CL-20/HNAB DMK / hexane / CHF 872.9 3.78 12.3 33.0

Note: Sol -solvent; antisol — antisolvent; CASol — solvent used for co-agglomeration

3.3.2.3 Differential thermal analysis (DTA)

To understand the thermal properties of obtained CACs of HNAB and HNS analyzed employing the DTA
technique, the obtained thermograms are shown in Figure 3.3.3, and the results are summarized in Table
3.3.4. As compared to targeted pure nitramines, their CACs showed a slight decrease in their thermal
stability (£ 5 - 15 C) (see exothermic peaks in Table 3). However, HNS and HNAB resist initial
polymorphic changes in the CACs (see endothermic peaks in Table 3). As observed previously, RDX
increased its thermal stability after undergoing co-agglomeration with DATB and TATB [2, 3]. The same
thing is repeated in the case of HNS and HNAB. In the case of HMX, CACs with HNS stability was
maintained as compared to CACs with HNAB. This stability effect was balanced here due to HMX
polymorphic phase transition from 3 to d in CACs.

Similarly, HMX shows the a- to 8- phase transition in its pure form. Next, in the case of RDX CACs with
both HNS and HNAB, it was seen that overlapping of endothermic and exothermic peaks indicates that the

RDX is undergoing sudden melting with changing to RDX solution form then followed by decomposition.
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Table 3.3.3 Summarized data from DTA thermograms of coformers and co-crystals with their visible
melting points.

Peaks of changes in DTA record / °C (CL-20 phase

Sample Melting point /°C [Ref.] modifications)
endothermic exothermic

e-CL-20 240 decompn [12] 170 (e - y) 225 (y)
BCHMX 286 decompn [13] 144 224
HMX 275 decompn [14] 190 (o —9) 272
RDX 203.3-204.5 decompn [15] 209 215
HNS 312-314 decompn [16] 325.41 328.42; 335.25*; 340.80*
HNAB 222-223 [16] 134.63; 224.14 335.19; 347.79
3 HMX/ HNS 196.54 268; 270.65
6 HMX/ HNS 192.65 267.21
8 HMX/ HNS 192.92 267.21
17 RDX/ HNS 205.85 221.15
18 CL-20/ HNS NA 222.45
19 BCHMX/ HNS NA NA 228.5
20 RDX/ HNAB 185.28; 198.23 216.19
21 BCHMX/ HNAB 152.04 215.12
22 CL-20/ HNAB 151.32, 223.78 335.36, 350.78*
31 HMX/ HNAB 203, 212.36 247.38, 257.66*
38 HMX/ HNAB 191.87, 215.10 249.50, 254.02*
39 CL-20/ HNAB 151.04; 225.28 341.14

*Tailing peaks

This is followed by in the case of CL-20 CACs; with HNS less stable than HNAB. In the case of the HNS
CACs, endothermic changes are restricted and directly undergone in melting, as in the case of RDX CACs.
At the same time, its CACs with HNAB showed improved thermal stability compared to its pure form. In
all CACs of the CL-20, it was observed that there was a phase transition € to p occurred. However, in the
case of BCHMX, CACs with both stabilities were relatively maintained. It’s interesting to see that the HNS
molecular usually exhibits a trans-form to avoid steric hindrance and gain more stability. The pure HNS
used was trans-form; it was converted into cis form during the co-agglomeration. It may be that CACs are

intermolecularly connected with nitramines balanced with this cis- form of HNS [8].
3.3.2.4 FTIR Measurements

The previous analysis from PXRD and DTA data; observed that there would be an existence of
intermolecular interaction between the HNS and HNAB with the attractive nitramines. To evaluate it,
spectral studies were carried out with the help of FTIR and Raman spectroscopic techniques. This helps us
with a detailed understanding of the intermolecular interactions of both coformers in the co-agglomeration
process. The obtained FTIR stretching/bending vibrations data were summarized in Table 3.3.4, 1. in which

the pure nitramines were compared with their CACs.
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Figure 3.3.3 DTA thermograms of CACs S3) HMX/ HNS; S6 HMX/ HNS; S8 HMX/ HNS; S17 RDX/
HNS; S18 CL-20/ HNS; S19 BCHMX/ HNS; S20 RDX/ HNAB; S21 BCHMX/ HNAB; S22 CL-20/
HNAB; S31 HMX/ HNAB; S38 HMX/ HNAB and S39 CL-20/ HNAB
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All the CACs were shown small shaper peaks at 3500 cm™ and around 3220-3320 cm'* indicates that there
will be the formation of shorter contacts between both coformers like hydrogen bonds and n-n stacking
kind interactions. It is further confirmed by observed peak shifts and stretching vibrations (Table 3.3.4).
Mainly, symmetric and asymmetric vibrations were observed in pure and CACs around regions 1530 + 30
and 1250 £ 70, respectively. The peak shifts of pure nitramines with their CACs found there will be a red
shift in these regions, which indicates that there will be the formation of the -N—-O-~H- kind intermolecular
interactions between both coformers. These changes strongly influence the CACs to attain the stability of
the crystal lattice. Also, all other stretching vibrations were found to be observable changes. A C—H
stretching vibration is splatted into two bands; this doublet peaks with a slightly shifted mode. Also, their
skeleton ring stretching shown predominantly shifted in CACs; it indicates nitramines with HNAB and
HNS structural orientation to adopt stable structure with intermolecular interactions. Likewise, HNS was

changed into trans- to cis- form, CL-20 was changed from € to B form and HMX from f3 to 6 - polymorphs.

These changes made possible -N-O and —C—H bonds of HNS and HNAB involved mainly hydrogen bonds,
wan der Waals forces of interactions and z-r stacking kind intermolecular interactions. As mentioned

previously, these structural changes influenced CACs to attain stable crystal lattices [11, 12].

3.3.2.5 Raman Spectral studies:

A part of spectral studies to understand the intermolecular interactions exhibited in the HNS and HNAB
CACs was further evaluated using Raman spectrum data. The obtained Raman spectrum stretching/bending
vibrations were summarized in Table 3.3.5. A stretching vibration at 1590 + 10 cm™ of -ONO bond shows
a shift in all CACs. Likewise, a symmetric starching of —NO, bond at 1220 + 50 also showed observable
shifts. This was followed by O—N-O deformation vibration at 832, and 840 cm™ also showed Impactful
shifts. The CL-20 in CACs showed B and HMX as 3-phases; in addition, the HNS were also converted
from trans- form to cis- form during the co-agglomeration. This kind of flipping of the rings relatively
helped in the formation of —C—H---n (n - m) stacking between the two benzene rings of HNS and HNAB
with nitramines. These shifts are also clearly observable in —C—H bending, —-C—H, —N—-H and N-N bond
stretching bands with redshift and other stretching vibrations, as shown in Table 3.3.5. The HNS and HNAB

are actively involved in intermolecular interactions with the attractive nitramines.

All modifications and structural changes overlapped with the PXRD, FTIR, and DTA observations. These
modifications appeared in the structural orientations that occurred during the co-agglomeration process.
Due to these changes, which strongly helped coformers to CACs to gain stable crystal lattice, also indicate
there might be H-bonding, von der Waals forces of interactions, and n-n stacking kind of intermolecular

forces interactions occurred,; this further leads towards formation of the co-crystals in CACs [17].
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Table 3.3.4 Summarized results of FTIR measurements

3 6 8 17 18 19 20 21 22 31 HMX/ 38 39
Assignments CL-20 BCHMX HMX RDX HNAB HNS HMX/ HMX/ HMX/ RDX/ CL20/ BC/ RDX/ BC/ CL20/ HNAB HMX/ CL20/
| HNS HNS HNS HNS HNS HNS HNAB HNAB HNAB HNAB HNAB
O-N-O-H--
structural 3042 3031 3671 - 3081 3010 3037 3037, 3037 3066 3024 3019 3090 3090 3090 3082 3091 3090
bond
C-H 3074, 3099 3099 3053
. 3042;3017 3019 3052 3065, 2884 ' 3100 3100 3100 3075 3054 3100 3100 3100 3074, 3100 ' 3100
stretching 3002 2880 2880 3100
Symmetrical 1262, 1263, 1261, 1261, 1263, 12186,
N-O 1252 1218 1240 1231, 1195 1264, 1237, 1237, 1237, 1231, 11225; 1122%?1 1231, 11129873 Egg 1202, 1263 11123)88 11122%
stretching 1216 1200 1200 1200 1216 1263 ’
Asymmetrical
N-O 1562 1562 1539 1569 153 1531 1531 1530 1530 oo IS8T ygas 1530 ion isa 1537 1530 1535
_ 1568 1552 1565,
stretching
714, 714, 714,, 714, 714,
C-N 733, 721, 740, 741, 741, 723, (¥ MW T8 on T2 gey g5g 119 IS,
stretching 733, 737,752, 739, 723, 751, 741, 760, 768,
. 757 774 746, 740, 759, 753, 753, 739, 741, 737,727,
[Amino 763 779 749, 741, 740, 768, 741, 741,
o] 762 760, 7L, 759, 759, 72 o h 7 721 ity 719 s e
group 781 780 771 M 780 ' '
C-N
stretching 1326 1326 1315 1309 1339 1338 1343 1344 1344 0% 1gsg  1pze, L 87T e assamas B gay
: 1614 1346 1342 1344
[Nitro group] 1614 1612
1227,
Skeletal war 1207, s lios.  11g0, 1200 1200 1200, 1226, o 1018, oo 97, o 1198 1196,
steching 11821040 s . s 10ss 138 113 113, 1085, [ or 159 1097, o0 174, 1085 1139, 1174,
[Ring] ’ 1085 1085 1085 1038 ' 1081 1080 1084 1080
. 1388, 1366, 1366,
symN”ée;r'c T 12521218 1273 1270, 1309, 1330 1338 iggg iggi‘ E’gi’ 1366, 1345, 1345, ig;i’ 197, o0 1963 s 1220
strotctin 1280 1209 1240, 1350 omr 1o 1ga 1346 138 130 o0 1283, 1196
9 1310 1302
A ic - 1 152 1531, 1531, 1 1 1
SYmMEIrc - 635 1601, 603, 529, 1607, 531, 1581, 1330, 1330, 100 1p30. 1238, 000 1603, 1604, 1552,1537, 1530, 1535,
NO2 1585, 1562 o 1539 1569, 1536 1600 1600, 1600, 1600, o 0 ioss  1gea 98 1saa 1534 1516,1613 1604 1604
Stretching ' 1526 1588 1617 1617 1617 1617 1530 ’ ’
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Table 3.3.5 Summarized results of Raman measurements

3 6 8 17 18 19 20 21 22 31 38 39
Assignments  CL-20 BCHMX HMX RDX HNAB HNS HMX/ HMX/ HMX/ RDX/ CL20/ BC/ RDX / BC/ CL20/ HMX/ HMX/ CL20/
HNS HNS HNS HNS HNS HNS HNAB HNAB  HNAB HNAB HNAB HNAB
3226 3102 3102 3111 3101 3102 3102 3102 3130 3148 3269 3138 3138 3269
—CH;
3099, 3092, 3092,
stretching 3052 3020 -- 3063 3063 3093 3064 3075 3054 3063 3097 3097 3097
o 3075 3081 3081
vibration
3037, 3038, 3066, 3035, 3033, 3037, 3037,
3024 -- - 3028 3066 3018 - -
3028 3028 3001 3026 3020 3028 3028
C-H
) 2978 2948, 2970,
stretching 2992 - 2992 2992 2992 2948 2984 2933 2985 2921 2921 2985
o 2985 2984, 2933
vibration
2932 2917 2912 2926 2909 2907 2912 2992 3002 2985 - 2992 2992 -
Asymmetric
-NO, 1638, 1638, 1638, 1638, 1638,
1594 1606 1638, 1639, 1608 1608 1608 1608
stretching 1603 1614 1614 1614 1614 1614 1608 1608
o 1614 1612
vibration
1558, 1558, 1559, 1594, 1558, 1562, 1561, 1561, 1561, 1561, 1561,
1554 1557 -- 1538, 1539
1538 1568 1568 1572 1538 1537 1537 1537 1535 1535 1537
C-Hand - 1388, 1366, 1366,
1302, 1309, 1310, 1366,

CH, 1366, 1345, 1345, 1318, 1319, 1319,
1326, 1299 1315, 1310, 1345, 1349, 1349, 1349, 1310, 1310,
deformation 1319 1346, 1333 1300 1310 1352, 1352, 1352,

o 1280 1270 1273 1366 1366 1366 1309 1267 1267
vibration 1310 1302 1368 1368 1368
Symmetric
1273, 1204, 1204,
-NO, 1280, 1240, 1217, 1266, 1267, 1273, 1230, 1238, 1216, 1205, 1205,
1264, 1220 1264 1248, 1205 1248, 1248,
stretching 1252 1270 1273 1248, 1248 1216 1264 1264 1273 1274 1274
1240 1267 1267
vibration
Asymmetric 1163,
1164, 1195, 1205, 1205,
C-H 1194, 1182, 1186, 1189, 1182, 1113, 1192, 1192, 1192, 1192,
1182, 1207 1217 1170, 1208 1182, 1192, 1192,
stretching 1167 1206 1206 1168. 1206 1206 1205. 1162 1164 1164
1137 1144 1163 1163
vibration 1216
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N-N
stretching
vibration

c-C
stretching
vibration

Ring
stretching

vibration

Ring
deformation

vibration

-NO,
deformation

vibration

-NO,
Wagging

1050,

1038,

1014,
984

1048

979

935

913

881

854
831

819
743

737

967,
1058

1058

967

906

850

906

1079,
952

1087

939

904

850

1030

1085

943

848

885

788

757

1030

1082

923

939

823

883

832

823
781

701

989

1087

942

927

842

879

826

771

744,755

952,

1087

951

927

834

882

834

758

952,

1081

952

931

834

883

834

951,

1087

952

927

834

883

834

760

720

942,
1030

1087

942

927

848

885

848,
835

826
788
756,
742,
722

942,
989,
1046

1088

989

958

842

879

841

826

794

756,

771,
717

942,
1056

1087

942

969

850

878

835

826
771

755,
745,715

944,
1032,

1083

944

933

885

848

825

788

745
716, 705

952,

1083

933

955

850

886

825

759

746
704

958,

1083

958

955

825

885

825

746

716,

952

1078

952

952

825

883

834

759

716, 705

951

1083

952

952

825

883

834

759

716,
704

958

1083

958

955

825

885

825

746

716,
705
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Table 3.3.6 Molecular formulas, thermochemical properties, and maximal crystal densities of pure substances and corresponding CACs

_ . Enthalpy of
Explosive Heat of combustion formation Crystal Density
. Molar ratio AH: (g.cm?)
No Code design. nitramines to Formula Mol. Qc Ref ot Ref
HNS or weight (g% (kJ.mol)
HNAB*
1 RDX NA CsHeNgO12 222.23 9522 [18] 66.20 [18] 1.810
2  BCHMX NA C4HeN4Og 292,01 9124 [18] 236.50 [18] 1.860
3  B-HMX NA C4HgNsOs 294.17 9485 [18] 77.30 [18] 1.902
4  3-HMX NA C4HgNsOs 294.17 NA NA 55.5(82.03) [19] 1.790
5 B-CL-20 NA CsHeN12012 438,19 8485 [20] 421.74 [20] 1.985
6 eCL-20 NA CsHeN12012 438.19 8311 [18] 397.80 [18] 2.044
7 HNS NA C14HsNO12 450.23 11634 [18] 78.24 [18] 1.745
8 HNAB NA C12HsNgO12 45221 5583 [18] 284.09 [18] 1.799
9 3 HMX/HNS 1.00:0.42 C7.54 Hg.00 Ng.oo Og.03 369.56 10880 cwW 77.64 cwW 1.8730
10 6 HMX/HNS 1.00:0.16 Cs.571Hs.00Ns.0008.85 328.60 10386 cw 72.78 cw 1.8820
11 8 HMX/HNS 1.00:0.11 Cs.00H7.96N3.0008.57 318.32 10055 cw 73.55 cw 1.8778
12 17 RDX/ HNS 1.00:0.14 Ca4.35H6.00N6.0006.73 250.02 10040 cwW 68.10 cw 1.7824
13 18 CL-20/ HNS 1.00:0.61 Ci1.14H7.40N12.00 O14.80 546.15 10444 cw 275.89 cw 1.9265
14 19 BCHMX/ HNS 1.00:0.25 Cs.89H6.31Ns.00 Og.02 333.48 10087 cw 155.11 cw 1.8278
15 20 RDX/HNAB 1.00:0.11 Cs.90H5.79N6.00 O6.00 242.32 10033 cw 78.10 cw 1.7831
16 21 BCHMX/HNAB 1.00:0.34 Cé.44H5.86Ns.00 Og.62 349.23 10138 cw 214.14 cw 1.8267
17 22 CL-20/ HNAB 1.00:0.46 Cs.81Hs6.00N12.00 O13.40 494.35 9504 cwW 384.67 cw 1.7918
18 31 HMX/ HNAB 1.00:0.185 Cs.25H7.37Ns.00 Os.62 320.46 10067 cw 119.90 cw 1.8467
19 38 HMX/ HNAB 1.00:0.180 Cs.22H7.32Ng 00 Oss3 318.61 10046 cw 113.46 cw 1.8575
20 39 CL-20/ HNAB 1.00:0.37 Cs.37Hs.00N12.00 O13.18 485.54 9260 cw 355.70 cw 19411
Note:  *) in the weighed starting nitramines was a molar ratio of HNS and HNAB®
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Table 3.3.7 Impact sensitivity and explosive properties of pure substances and corresponding CACs

Explosive Impact sensitivity Ea Detonation Detonation Energy of Additive value?
Sr No Code design. Ear 50 % Ref Ear 95 % velocity, D pressure, P detcé::(:on, O(fJZ({elt;n
) ) (m.s!) (Gpa) )
1 RDX 5.6 [21] NA 9014 33.91 5915 NA
2 BCHMX 3.0 [13] NA 9116 36.19 6223 NA
3 RB-HMX 6.4 [21] NA 9404 38.00 5964 NA
4 5-HMX ~1 [20] NA 8922 32.99 5879 NA
5 R-CL-20 11.9° [22] NA 9421 40.77 6320 NA
13.2° 22 NA
6 e-CL-20 40° {23} 9650 43.41 6303 NA
7 HNS (form 1) 115 cw NA 7373 22.81 5015 NA
8 HNAB 8.6 [21] NA 7744 26.12 5335 NA
9 3 HMX/HNS 17.4 cw 35.0 8685 33.03 5637 5592
10 6 HMX/HNS 11.4 cw 17.6 8927 34.45 5778 5773
11 8 HMX/HNS 47.0 cw 105.1 8982 34.73 5804 5819
12 17 RDX/HNS 20.4 cwW 47.0 8572 30.95 5720 5717
13 18 CL-20/HNS 11.4 cw 18.6 8764 35.01 5961 5815
14 19 BCHMX/ HNS 10.5 cwW 24.4 8622 32.13 5780 5891
15 20 RDX/ HNAB 20.5 cw 46.4 8671 31.66 5822 5807
16 21 BCHMX/ HNAB 13.4 cw 39.2 8568 32.01 5894 5918
17 22 CL-20/ HNAB 5.1 cw 11.4 8333 30.11 5791 6000
18 31 HMX/ HNAB 9.7 cw 34.8 8879 33.96 5842 5824
19 38 HMX/ HNAB 14.0 cw 375 8911 34.30 5817 5828
20 39 CL-20/ HNAB 6.0 cw 28.5 8921 36.17 5924 5786
Note: a) the value calculated on the basis of the additive principle, i.e., the percentage of components in the co-agglomerate; b)

value for pure e-CL-20; c) the value for the e-CL-20 of “common” (technical) quality; d) this paper.

the
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3.3.2.6 Thermochemical and Explosive Properties

The heat of combustion of CACs and pure nitramines was considered for the calculation of thermochemical
parameters. The heat of combustion of the obtained CACs was measured using a bomb calorimeter, and
densities of all CACs were obtained using a densitometer. The composition of both coformers in each of
the CACs was evaluated using HPLC data, in which the composition existence of both conformers in that
particular CACs. From these data, the enthalpy of formation was calculated using Hess’s law, and the

obtained results were summarized in Table 3.3.6.

Although the irregular shapes of CACs particles obtained densities matched with polymorphic modified
nitramines densities in CACs; i.e., in the case of the HMX CACs densities found closer to the 6-HMX
whereas the CL-20 CACs it was B-CL-20. Further, the theoretical detonation parameters (detonation
velocity, D, detonation pressure, P, and detonation energy, Eqewon) for the tested explosives were calculated
using the CHEETAH code [24]. The detonation energy is a sum of mechanical and thermal energies
released during the detonation process. The mechanical energy is equal to the expansion work of detonation
products and determined by the volume of detonation products corresponding to a pressure of 1 atm
(1.01325-10° Pa), while the thermal energy is the heat in the detonation products under this pressure[20—
22]. For these calculations, the composition of detonation products was frozen at a temperature of 1800 K
on the Isentrope beginning at the CJ point.

3.3.3 Discussions
3.3.3.1 Co-agglomeration

As already mentioned, the co-agglomeration method applied by us is one of the types of co-crystallization
(slurry method [4]). As such, it should be influenced by factors acting in the crystallization of EMs in
general [28]. In our papers [2, 3, 5], we have not optimized this process but gained several insights. In the
co-agglomeration process, even though applying intense stirring for an equal amount of time, particle sizes
from each batch mutually varied; particle sizes and shapes were mainly influenced by the solvent used for
co-agglomeration than the solvent system used for co-precipitation [2, 3, 5]. Application of protogenic n-
butanol in the process led to particles with smaller specific surface areas of CACs than in the case of using
of the aprotic chloroform continuous phase (see paper [2, 3, 5] and partially also Table 3.3.2). The
polynitroarenes coformer has a relatively large influence on this specific surface: its size significantly
increases TATB [2, 3] and quite significantly also HNS (see Table 3.3.2). The opposite effect is exhibited
by DATB [2, 3] and especially by HNAB (see Table 3.3.2). These facts are related to the intensity of the
involvement of polynitroarenes in the interaction with nitramines: besides the n-n staking it is in the case
of TATB via hydrogen bonds —N-H....O-N— [2, 3, 24, 25], in the case of HNS bonds —N-O....H-C—
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(from the ethylene bridge [7, 31]) and in the case of HNAB mainly this n-n staking [9, 10]. DATB, with a
lower number of hydrogen bonds in its molecule [32] and its lower symmetry compared to TATB, has, as
can be seen from Table 3.3.2, a "combined" effect of TATB and HNAB.

3.3.3.2. Thermal Analysis

The spectral observations show that there is the formation of —N-O----H— type short contacts like
hydrogen bonding van der Waals forces of attractions. These occurred between mainly —NO,, —N-N
(nitramines) and —CH, —C—H---xt (@ - m) stacking with two benzene rings (of HNS and HNAB). These -
intra and -intermolecular interactions increased the stability of the crystal lattice. Once CACs come in
contact with heat, this intermolecular interaction gives a certain amount of stability to the CACs, which
helps to withstand the initial polymorphic changes in the CACs. Once the temperature reaches near pure
nitramine melting, sudden splitting of these interactions also responsible may generate excited species
which are further evolved in the thermal reactivity of the CACs, but it does not seem that the thermal
reactivity of CACs is increased compared to their pure nitramines (see Figure 3.3.3 and Table 3.3.3). For
more exact examination a detailed Kkinetic study of the CACs thermal decomposition is needed.

3.3.3.3 Spectral Examination

As previously mentioned in sections, the intermolecular changes and orientation through translational-
vibrational relaxation processes by translational and vibrational modes of molecular crystals of the material
of the structure of coformers in the CACs formation can stabilize a new crystal lattice. This relates to a red
shift in vibrations, C—H bending, C—H, and N-N bond stretching bands. The pure nitramines show
noticeable shifts after interaction mainly with HNS, which indicates that HNS, but also HNAB, enter into
the nitramines crystal lattice and create new intermolecular force interactions in the new crystal lattice thus
formed. The existence of the corresponding weak intermolecular interactions here can be documented by
the graphical comparison of the length of the longest N—N bonds and their stretching vibrations (stretching
of the C—N bond for HNS and HNAB) in CACs and pure co-formers, given in Figure 3.3.4; it corresponds
very well with the statement. This comparison should argue in favour of the formation of co-crystals in the
process of co-agglomeration. Interestingly, in individual nitramines (mainly of HMX), after their entering
in CACs, a change of their N-N bond stretching vibrations is nearly constant for both the HNS and HNAB

coformers.
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(the CN bond stretching for HNS and HNAB) of pure nitramines and their CACs. (the data placing in this
Figure indicates the co-crystals existence); the N-N bond lengths were taken from the ORTEP views of the

nitramines used in the CCDC database shown in Chapter 2.
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Figure 3.3.5 The relationships of the impact sensitivities with spectroscopic stretching vibration
characteristics of the CACs prepared:

a) The natural logarithm of impact sensitivities (J) in relation to difference between asymmetric NO;
stretching vibration in pure nitramine and in their CACs (cm™);
b) Impact sensitivity (J) versus ring deformation vibration(cm™)

Another verification of the close mutual interactions the HNS and HNAB molecules with those of the

nitramines studied in their CACs is Figure 3.3.5a. If we consider the definitional relationship between the

vibrational frequency and the bond force constant (i.e., roughly the strength of the given bond) [33] then

this Figure should show imply that the increasing difference between the asymmetric NO; stretching

vibrations in pure nitramines and their CACs corresponds to increase/decrease the strength of bonding of
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this group in given nitramine (hereafter nitramine enter in close interaction with HNS or HNAB,
respectively). Based on this assumption, the run of dependencies in Figure 3.3.5a is logical. As the bond
strength of the nitro group in the nitramine grouping increases, the impact reactivity (sensitivity) decreases

and vice versa.

The large relative difference in the influence of the individual coformers HNS and HNAB on the ring
deformation vibrations of the respective CACs and thus on the impact reactivity is shown in Figure 3.3.5b.
Particularly in the case of HMX, the molar ratio of coformers seems to play a large role in its CACs with
HNS (in nitraminic CACs we have already encountered [5]). The three samples of this CACs type, the one
8 HMX/HNS with the lowest molar ratio (1.00/0.11) has unexpectedly high impact resistance, and in doing
s0, its SEM image does not look good (Figures 2e and 2f). Its crystals appear porous even though its crystal
density value is not the lowest of the three HMX/HNS samples (see in Table 3.3.6). These three samples,
CACs 6HMX/HNS looks the best visually (Figures 2¢ and 2d), and even though it is close in composition
to CACs 8HMX/HNS, it has the highest densities of the three EMs (Table 3.3.6), its impact sensitivity is
the lowest in this group of CACs. How is this possible? Chinese authors published a study of porous HNS,
fabricated by supramolecular assembly and disaggregation [29, 30]. They obtained novel 3D porous
micro/nano HNS microcrystalline clusters with hierarchical structure exhibit significantly different safety
performance in contrast to that of raw HNS, ascribed to the well-organized hierarchical particles and porous
structures [35]. By them published SEM images show a layered structure of their product in addition to
pores [34]. Unfortunately, for impact sensitivity determination authors used the Chinese method [34] which
is not compatible with the BAM method, thus also with our results (see Table 3.3.7). It may be that the 8
HMX/HNS sample is analogous to the aforementioned Chinese product, especially since CACs of similar
composition, i.e., 6 HMX/HNS, with seemingly higher quality crystals (Figures 2c and 2d), higher density
and higher ring strain vibration values, exhibit the highest impact sensitivity of the three HMX/HNS co-
agglomerates discussed. The reason for these differences most likely lies in the influence of the preparation
conditions of the co-precipitates on their quality and subsequently on co-agglomeration; we have so far
paid only marginal attention to this problem in paper [2] (in co-agglomeration of BCHMX with DATB in

a hot water under pressure).

Coformer HNAB enhances the sensitivity of CL-20 and, except perhaps for EMs 38HMX/HNAB and
20RDX/HNAB, does not contribute more significantly to the suppression of the sensitivity of the studied
nitramines. The run of dependencies plot in Figure 3.3.5b with a positive slope is as expected (similar to
Figure 3.3.5a). More points would be needed to fully explain the exception, i.e., negative dependence in

Figure 3.3.5b; as Figures 3.3.2 and 3.3.5 with Table 3.3.6 logically show, not only bond strength but also
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crystal (crystal lattice) quality and molar ratio of coformers co-determines impact sensitivity[36] and by
these factors also are given a run of dependences the Figure 3.3.5b type.
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Figure 3.3.6 The relationships between the FTIR symmetrical N-O stretching (cm™?) and performance
(voluminal energy of explosion) of the CACs prepared.

If we use for the explanation of Figure 3.3.6 a similar approach, as it was in the case of Figure 3.3.5a, then
the relationships with a positive slope here should imply that the increasing performance (voluminal energy
of explosion) of CACs corresponds to an increase in the strength of the internal NO bonds involved in
symmetrical N—O stretching. A dependence with a negative slope could mean that a mode of the
interaction of HMX and CL-20 with a given coformer leads to a slight decrease in the strength of the N—O
bond with the raising of the performance. In this context, it is worth remembering that the trigger bond of
initiation in the nitramines under study and of their CACs is the N-NO; bond [2, 3, 5, 13, 32]. It is here
symptomatic that the data of all nitramines with distorted valence angles in the molecule (crowded
molecules of BCHMX and CL-20) and their CACs (except 18 CL-20/HNS) are centered on the line
"BCHMX - B-CL-20".

3.3.3.4 The Energetic Point of View

This topic has already been partially mentioned in connection with Figure 3.3.6. The relationship between
sensitivity and performance is experimentally mostly based on Licht's rule: increasing the explosive
strength is usually accompanied by an increase in the sensitivity, and therefore, an insensitive explosive
will not exhibit top explosive strength [31, 33, 34]. By a further study of this problem was elaborated into
a semilogarithmic version of this rule, in which performance was represented by voluminous energy of
detonation [31, 35], and the last version substituted this performance by the energy content of the EMs
molecules [2, 3, 36], and that is a case of Figure 3.3.7. The progression of the partial dependencies in this

Figure is as expected (i.e., to Licht's rule) with the traditional exception for pure nitramines (RDX, HMX,
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and CL-20), which occurs in all versions of this rule [31, 33, 34] and was not explained yet. Figure 3.3.7
clearly demonstrates that depending on the molar ratio of the coformers and, taking into account Figure
3.3.2, also the crystal quality of the co-agglomerates, CACs with higher impact resistance can be obtained
as the pure starting coformers (see samples 8 HMX/HNS, RDX/HNS, RDX/HNAB, 3 HMX/HNS,
RDX/HNAB and 38 HMX/HNAB).
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Figure 3.3.7 The semilogarithmic relationships between impact sensitivities and energy content
(represented by enthalpy of formation) of the prepared CACs.

The dominant sample here is 8 HMX/HNS and of the polynitroarenes coformers it is HNS (see already
discussion in section 3.3.3.3). In this context, it should be reminded that HMX is present in this CAC as its
d-modification with a crown conformation of its molecule (crystallographic study of 6-HMX see in [42])
and HNS in its cis-form (crystallographic study see in [8]). Both these forms of named coformers are quite
compatible with each other spatially. Nitramines with deformed valence angles in the molecule (BCHMX,
CL-20) form here CACs with higher impact sensitivity than pure RDX and HMX have.

Comparing impact sensitivities of CACs for both the HNS and HNAB coformers (see Figure 3.3.7) is
possible to see that HNS shows greater stabilizing influence than the HNAB. It may be due to already
mentioned better intermolecular interactions HNS with molecules of nitramines (mainly with HMX), and
but also due to the —N=N— bridge in HNAB molecule acting as a "chemical hot spot" (the C—N=N bond
should be a trigger one in the HNAB thermolysis [34, 38, 39]) as compared to bridge —CH=CH— in the
HNS molecule (here the primary fission of HNS should go by a "trinitrotoluene mechanism™ [32, 34]).
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Figure 3.3.8 The mutual relationships between the energies of detonation calculated on the base of additive
principle (i.e., on the percentage of components in the co-agglomerate) and those, calculated by
CHEETAMH code using experimental enthalpies of formation; in the Figure also data of CACs with DATB
and TATB coformers are inserted (taken from papers [2, 3]).

From the fact, that the entropy of mixtures is higher than the sum of that of their individual components,
Prof. Urbanski derived his consideration about reasons for higher detonation velocities of mixed explosives
than would correspond to the percentage of components in this mixture [45]. In our recent papers [2, 3, 5],
we have applied this reasoning to the detonation energy, specifically to the intercomparison of the values
of this energy of CACs, obtained on the basis of the additive principle, and the values calculated with the
CHEETAH code. Results for CACs with polynitroarenes coformers, are shown in Figure 3.3.8. The
CHEETAH outputs here represent as if experimental data. As this Figure shows the lowest difference
between both these methods of calculations is for CACs with content of the DATB and TATB coformers
(taken from papers [2, 3]). For co-agglomerates based on BCHMX and CL-20 mixtures, whose data are not
included in Figure 3.3.8, the situation is reversed - CHEETAH outputs have a lower value compared to the

additive principle calculation.

3.3.3.5 Impact sensitivity

This issue has been largely addressed in previous sections (i.e., 3.3.3.3 and 3.3.3.4). These show the
dependence of such sensitivity on the molecular structure (through the IR spectral characteristics) and
energy content of the prepared CACs. The quality of the crystals, but also their size and shape, play a major
role. Figure 3.3.2 shows that CACs with the HNAB content seems to be more quality comparing to the
HNS analogues. However, their impact sensitivity is lower (perhaps with exception of 38HMX/HNAB and
21BCHMX/HNAB). As it was mentioned in Section 3.3.3.3, HNS crystals can exist in porous micro/nano

HNS microcrystalline clusters, whose sensitivity is lower comparing "normal™ HNS [34]; it could be
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possible that sample 8 HMX/HNS here represents this cluster. This might be explained by an apparent
variance with Physics of Explosion, i.e. that porous EMs have a lower sensitivity comparing than its high
guality crystal. "Normal crystallization" under laboratory conditions usually results the EMs crystals,
sensitivity of which is comparable to the Los Alamos Natl. Laboratory (LANL) data base (see for example
[21]). Regarding the effect of crystal size, we found, for example, that for grains from 20 to 200 pm in the
HMX sieving fractions, the impact sensitivities change minutely and are consistent with the LANL data
[46] (the same is true for the friction sensitivity of this HMX [47]). Other situations, of course, are in the
case of nanoparticles, for example nano-RDX was published impact sensitivity as far as 24 J [48], but it is
not our case. Similarly, the spherification of nitramine crystals will affect the impact sensitivity, as will the
high incidence of defect-dislocations in their crystals (this may be a case of the "normal" CL-20 quality
with impact sensitivity 2 - 4.6 J[2]).

3.3.3.6 Detonation parameters

Itis clear from the summary in Table 3.3.7, Figures 3.3.8 and 3.3.9 that the detonation energies of the CACs
under study, calculated by CHEETAH code, are higher than would be expected from the percentages of the
individual co-formers in the mixed crystals.
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Figure 3.3.9 Detonation parameters of CACs with pure nitramines used for synthesis 3 HMX/ HNS; 6
HMX/ HNS; 8 HMX/ HNS; 17 RDX/ HNS; 18 CL-20/ HNS; 19 BCHMX/ HNS; 20 RDX/ HNAB; 21
BCHMX/ HNAB; 22 CL-20/ HNAB; 31 HMX/ HNAB; 38 HMX/ HNAB and 39 CL-20/ HNAB

This is consistent with the general observation [45] (see discussion in section 3.3.3.4). Figure 3.3.9a shows
the known and in our case interesting relationship between detonation rate and density of nitramine crystals
and their CACs. This Figure, PXRD, and spectroscopic data obtained here verified the presence of CL-20
in the CACs studied in its B-form. Figure 3.3.9a, together with Figure 3.3.7, confirms that sample
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8HMX/HNS seems to be best from the series of CACs prepared and it from both the performance and
sensitivity (it is similar as to CACs HMX/TATB from paper [3]).

For comparison, recently we dealt with a plastic explosive composed of 43.5% BCHMX, 43.5% HNAB
(molar ratio 1.00/0.65), and of 13% SBR binder [8]. This explosive at a density of 1.59
g.cm?3, exhibited an experimental detonation velocity of 7874 m.s%, a calculated detonation pressure of 23.5
GPa and an impact sensitivity of 25.1 J [8]. Its detonation parameters are logically considerably lower (due
to the presence of inactive binder) than those of the CACs 21BCHMX/HNAB prepared here, with otherwise
relatively close impact sensitivity (see in Table 3.3.7). Thus, the approach to desensitization of nitramines
by co-agglomeration in the sense of this work appears to be much more effective than incorporating
mechanical mixtures of nitramine/HNAB into the plastic matrix (it should be valid also be valid for the
conformer HNS).

3.3.4 Summary

Co-precipitates  (CPs) of trans-2,2°,4,4°,6,6’-hexanitrostilbene (HNS) and 2,2°,4,4°,6,6-
hexanitroazobenzene (HNAB) with the attractive nitramines, RDX, B-HMX, BCHMX and &-CL-20 were
prepared by the solvent/antisolvent technique with subsequent co-agglomeration (co-crystallization) of
them in n-butanol or chloroform by the “slurry method”. Co-agglomerates (CACs) with the HNS coformer
were finer-grained than those with the HNAB one. CACs containing HNAB seem to be more perfect than
CACs containing HNS. However, their impact sensitivity is generally lower; the dominant sample is
HMX/HNS with a molar ratio of 1.00/0.11 and an impact sensitivity of 47 J, A study of these crystals
surface morphology shows a micro-porous structure, which does not translate more significantly into crystal
density. These CACs probably contain porous micro/nano HNS microcrystalline clusters (for pure HNS
recently described [35]). Three other CACs (RDX/HNS; RDX/HNAB; BCHMX/HNAB) had higher impact
resistance than that exhibited by their original pure coformers. For CL20, however, the entry of HNS or
HNAB into its crystal lattice is destabilizes.

The dependencies of the impact sensitivity of the CACs studied to their energy content were specified,
which shows beside awaited exceptions to Licht's rule for pure RDX, HMX and CL-20, unambiguously
confirms the increase in impact sensitivity with energetic content of CACs. Detonation parameters of CACs
containing HNS and HNAB are logically lower than those of the starting nitramines. The detonation
energies of these co-crystals are higher than would correspond to the percentage of coformers in them; this
difference is higher than in the case of analogous CACs with DATB and TATB coformers [3]. An
interesting relation is between the detonation velocities of the CACs studied and their crystal densities -

also this one confirms the presence of CL-20 in the CACs studied as its f-form.

136



References

[1] A. K. Hussein, S. Zeman, and A. Elbeih, “Cis-1,3,4,6-Tetranitrooctahydroimidazo-[4,5-d]Imidazole
(BCHMX) as a Part of Low Sensitive Compositions based on DATB or HNAB,” Propellants Explos. Pyrotech.,
vol. 46, no. 2, pp. 322-328, 2021, doi: 10.1002/prep.202000160.

[2] V. B. Patil, K. Zalewski, J. Schuster, P. Belina, W. Trzcinski, and S. Zeman, “A new insight into the energetic
co-agglomerate structures of attractive nitramines,” Chem. Eng. J., vol. 420, Sep. 2021, doi:
10.1016/j.cej.2021.130472.

[3] V. B. Patil, P. Bélina, W. A. Trzcinski, and S. Zeman, “Preparation and properties of co-mixed crystals of
1,3-di- and 1,3,5-tri-amino-2,4,6-trinitrobenzenes with attractive cyclic nitramines,” J. Ind. Eng. Chem., vol.
115, pp. 135-146, Nov. 2022, doi: 10.1016/j.jiec.2022.07.043.

[4] Z.Xue, B. Huang, H. Li, and Q. Yan, “Nitramine-Based Energetic Cocrystals with Improved Stability and
Controlled Reactivity,” Cryst. Growth Des., vol. 20, no. 12, pp. 8124-8147, Dec. 2020, doi:
10.1021/acs.cgd.0c01122.

[5] V. B. Patil et al., “Co-agglomerated crystals of cyclic nitramines with sterically crowded molecules,”
CrystEngComm, p. 10.1039.D2CE00840H, 2022, doi: 10.1039/D2CE00840H.

[6] M. Szala and J. Sabatini, “2,4,6-Trinitrotoluene - A Useful Starting Compound in the Synthesis of Modern
Energetic Compounds,” Z. Fiir Anorg. Allg. Chem., vol. 644, Jan. 2018, doi: 10.1002/zaac.201700414.

[7] D. S. Viswanath, T. K. Ghosh, and V. M. Boddu, “Hexanitrostilbene (HNS),” in Emerging Energetic
Materials: Synthesis, Physicochemical, and Detonation Properties, D. S. Viswanath, T. K. Ghosh, and V. M.
Boddu, Eds., Dordrecht: Springer Netherlands, 2018, pp. 213-231. doi: 10.1007/978-94-024-1201-7_6.

[8] Y. Liu, L. Chen, J. Wang, J. Chen, J. Wang, and H. Pan, “The crystal structure and thermal decomposition
kinetics of cis -hexanitrostilbene,” Acta Crystallogr. Sect. B Struct. Sci. Cryst. Eng. Mater., vol. 77, no. 1, pp.
150-157, Feb. 2021, doi: 10.1107/S2052520620015371.

[9] E. J. Graeber and B. Morosin, “The crystal structures of 2,2’ ,4,4”,6,6’-hexanitroazobenzene (HNAB), forms
I and I1,” Acta Crystallogr. B, vol. 30, no. 2, pp. 310-317, Feb. 1974, doi: 10.1107/S0567740874002731.

[10] M. A. Rodriguez, C. F. Campana, A. D. Rae, E. Graeber, and B. Morosin, “Form III of 2,2',4,4',6,6'-
hexanitroazobenzene (HNAB-III),” Acta Crystallogr. C, vol. 61, no. 3, pp. 0127-0130, Mar. 2005, doi:
10.1107/S0108270105000569.

[11] Y. Liu et al., “Three Energetic 2,2',4,4',6,6'-Hexanitrostilbene Cocrystals Regularly Constructed by H-
bonding, n-Stacking, and van der Waals Interactions,” Cryst. Growth Des., vol. 18, no. 4, pp. 1940-1943, Apr.
2018, doi: 10.1021/acs.cgd.8b00019.

[12] D. S. Viswanath, T. K. Ghosh, and V. M. Boddu, “Hexanitrohexaazaisowurtzitane (HNIW, CL-20),” in
Emerging Energetic Materials: Synthesis, Physicochemical, and Detonation Properties, D. S. Viswanath, T. K.
Ghosh, and V. M. Boddu, Eds., Dordrecht: Springer Netherlands, 2018, pp. 59-100. doi: 10.1007/978-94-024-
1201-7_2.

[13] D. Klasovity, S. Zeman, A. Ruzicka, M. Jungova, and M. Rohag, “cis-1,3,4,6-Tetranitrooctahydroimidazo-
[4,5-d]imidazole (BCHMX), its properties and initiation reactivity,” J. Hazard. Mater., vol. 164, no. 2-3, pp.
954-961, May 2009, doi: 10.1016/j.jhazmat.2008.08.106.

[14] E. Yu. Orlova, Oktogen - termostoykoe vzryvchatoe veschestvo (Octogen - Thermostable Explosive).
Moscow: lydat. Nedra, 1975.

137



[15] S. Zeman, “Some predictions in the field of the physical thermal stability of nitramines,” Thermochim. Acta,
vol. 302, no. 1, pp. 11-16, Oct. 1997, doi: 10.1016/S0040-6031(96)03101-2.

[16] S. Zeman, “Possibilities of applying the Piloyan method of determination of decomposition activation
energies: Part III. Derivatives containing two picryl groups in the molecule, and melamine derivatives,” J.
Therm. Anal., vol. 19, no. 1, pp. 107-115, Aug. 1980, doi: 10.1007/BF01928436.

[17] G. Liu, S. Wei, and C. Zhang, “Review of the Intermolecular Interactions in Energetic Molecular
Cocrystals,” Cryst. Growth Des., vol. 20, no. 10, pp. 7065-7079, Oct. 2020, doi: 10.1021/acs.cgd.0c01097.

[18] P. E. Rouse, “Enthalpies of formation and calculated detonation properties of some thermally stable
explosives,” J. Chem. Eng. Data, vol. 21, no. 1, pp. 16-20, Jan. 1976, doi: 10.1021/je600682026.

[19] M. R. Manaa, “Determination of adiabatic ionization potentials and electron affinities of energetic
molecules with the Gaussian-4 method,” Chem. Phys. Lett, vol. 678, pp. 102-106, Jun. 2017, doi:
10.1016/j.cplett.2017.04.038.

[20] Fraunhofer Institut fiir Chemische Technologie, Pfinztal, Germany, 2004, “ICT Database of
thermochemical values.” 2004.

[21] C. B. Storm, J. R. Stine, and J. F. Kramer, “Sensitivity Relationships in Energetic Materials,” Chemistry
and Physics of Energetic Materials. Springer Netherlands, Dordrecht, pp. 605-639, 1990. [Online]. Available:
https://doi.org/10.1007/978-94-009-2035-4_27

[22] Y. Ou, C. Wang, Z. Pan Z., B. Chen., “Sensitivity of hexanitrohexaazaisowurtzitane,” HanNeng CaiLiao
(Chinese J. Energ. Mater.), vol. 7, pp. 100-108, 1999.

[23] D. S. Viswanath, T. K. Ghosh, V. M. Boddu, Emerging energetic materials: synthesis, physicochemical
and detonation properties. New York, NY: Springer Berlin Heidelberg, 2017.

[24] Fried, L E., “CHEETAH 1.39 Users’ Manual UCRL-MA-117541.” CA: Lawrence Livermore National
Laboratory., 1996.

[25] Hobbs, M. L. and M. R. Baer, “Calibrating the BKW-EOS with a large products species base and measured
C-J properties.,” in Proceedings of the 10th Symposium (International) on Detonation, 1993, pp. 409-418.

[26] W. C. Davis and W. Fickett, “DETONATION THEORY AND EXPERIMENT.,” Pp 2-12 Behav. Dense
Media High Dyn. Press. N. Y. Gordon Breach 1968, Oct. 1969, Accessed: Aug. 15, 2021. [Online]. Available:
https://www.osti.gov/biblio/4785669

[27] Ficket, W. and W. C. Davies, Detonation. Berkeley, CA: University of California Press, 1979.

[28] X.-X. Zhang, Z.-J. Yang, F. Nie, and Q.-L. Yan, “Recent advances on the crystallization engineering of
energetic materials,” Energ. Mater. Front, vol. 1, no. 3-4, pp. 141-156, Dec. 2020, doi:
10.1016/j.enmf.2020.12.004.

[29] H. H. Cady and A. C. Larson, “The crystal structure of 1,3,5-triamino-2,4,6-trinitrobenzene,” Acta
Crystallogr., vol. 18, no. 3, pp. 485-496, May 1965, doi: 10.1107/S0365110X6500107X.

[30] G. R. Desiraju, “Crystal and co-crystal,” CrysttngComm, vol. 5, no. 82, p. 466, 2003, doi:
10.1039/b313552g.

[31] X. Zhao, S. Huang, Y. Liu, J. Li, and W. Zhu, “Effects of Noncovalent Interactions on the Impact Sensitivity
of HNS-Based Cocrystals: A DFT Study,” Cryst. Growth Des., vol. 19, no. 2, pp. 756-767, Feb. 2019, doi:
10.1021/acs.cgd.8b01334.

138



[32] 1. R. Holden, “The structure of 1,3-diamino-2,4,6-trinitrobenzene, form I,” Acta Crystallogr., vol. 22, no.
4, pp. 545-550, Apr. 1967, doi: 10.1107/S0365110X67001100.

[33] H. Kuhn, H.-D. Férsterling, and D. H. Waldeck, Principles of Physical Chemistry, 2nd Edition. Hoboken,
New Jersey, 2009.

[34] M. Yan et al., “Porous Cyclotrimethylenetrinitramine with Reduced Sensitivity Prepared by a Solvation—
Desolvation Method,” Cryst. Growth Des., vol. 20, no. 8, pp. 5387-5394, Aug. 2020, doi:
10.1021/acs.cgd.0c00597.

[35] H. Zhang et al., “Three-dimensional hierarchical 2,2,4,4,6,6-hexanitrostilbene crystalline clusters prepared
by controllable supramolecular assembly and deaggregation process,” CrystEngComm, vol. 18, no. 41, pp. 7940-
7944, 2016, doi: 10.1039/C6CE01292B.

[36] S. Zeman, and M. Jungova, “Sensitivity and Performance of Energetic Materials - Zeman - 2016 -
Propellants,  Explosives,  Pyrotechnics -  Wiley  Online  Library,” Apr. 2016, doi:
https://doi.org/10.1002/prep.201500351.

[37] G.B. Manelis, G.M. Nazin, Yu.l. Rubtsov, V.,Strunin, Termicheskoe razlozhenie | goreniye vzryvchatykh
veschestv i porokhov (Thermal Decomposition and Combustion of Explosives and Powders); English edition:
Thermal Decomposition and Combustion of Explosives and Propellants. 1zdat. Nauka, Moscow 1996, London
and New York 2003: Taylor & Francis, 1996.

[38] H.-H. Licht, “Performance and Sensitivity of Explosives,” Propellants Explos. Pyrotech., vol. 25, no. 3, pp.
126-132, Jun. 2000, doi: 10.1002/1521-4087(200006)25:3<126::AlD-PREP126>3.0.CO;2-8.

[39] S. Zeman, “Sensitivities of High Energy Compounds,” in High Energy Density Materials, T. M. Klapétke,
Ed., in Structure and Bonding. , Berlin, Heidelberg: Springer, 2007, pp. 195-271. doi: 10.1007/430_2006_052.

[40] A. Elbeih, S. Zeman, M. Jungova, and P. Vavra, “Attractive Nitramines and Related PBXs,” Propellants
Explos. Pyrotech., vol. 38, no. 3, pp. 379-385, Jun. 2013, doi: 10.1002/prep.201200011.

[41] S. Zeman, “Influence of the energy content and its outputs on sensitivity of polynitroarenes,” J. Energ.
Mater., vol. 37, no. 4, pp. 445-458, Oct. 2019, doi: 10.1080/07370652.2019.1634159.

[42] R. E. Cobbledick and R. W. H. Small, “The crystal structure of the 6-form of 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (6-HMX),” Acta Crystallogr. B, vol. 30, no. 8, Art. no. 8, Aug. 1974, doi:
10.1107/S056774087400611X.

[43] S. Zeman, “Thermal stabilities of polynitroaromatic compounds and their derivatives,” Thermochim Acta,
vol. 31, pp. 269-283, 1979.

[44] H., John C. and F. Jeffery S., “Thermal stabilities of hexanitroazobenzene (HNAB) and hexanitrobiphenyl
(HMB),” Technical rept. AD0656572, Jun. 1967.

[45] T. Urbanski, “On entropy and free energy of explosives (preliminary communication),” Bull. [Academie
Pol. Des Sci. s, Ser. Des Sci. Chim, wvol. 28, pp. 511-513, 1980, doi:
https://gallica.bnf.fr/ark:/12148/ch343830642 /date1980.

[46] M. Jungova, S. Zeman, and Q.-L. Yan, “Recent Advances in the Study of the Initiation of Nitramines by
Impact Using Their 15N NMR Chemical Shifts,” Cent. Eur. J. Energ. Mater., 2014.

[47] M. Jungovd, and S. Zeman, “Friction Sensitivity of Nitramines. Part I: Comparison with Impact Sensitivity
and Heat of Fusion,” no. 6, pp. 603—606, Apr. 2012,

139



[48] J. Liu, W. Jiang, Q. Yang, J. Song, G. Hao, and F. Li, “Study of nano-nitramine explosives: preparation,
sensitivity and application,” Def. Technol., vol. 10, no. 2, pp. 184-189, Jun. 2014, doi: 10.1016/j.dt.2014.04.002.

140



3.4 Composite crystals of polyaniline with attractive nitramines via
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3.4.1 Background

The polyaniline shows certain fluorescence properties (it behaves as a fluorophore; see section 3.4.3.6). As
recent works have shown, PANi forms the charge transfer complexes with polynitro compounds which act
as fluorescent sensors and have utility for the quick trace spectrochemical detection of explosives. The
structure of the mentioned complexes of nitramines with PANi (shown in Scheme 3.4.1) [1-4] indicates
that they perhaps could have a beneficial effect on reducing the initiation reactivity of these polynitro
compounds. Therefore, we devote attention to this possibility in this paper taking in account the utmost
attractive cyclic nitramines 1,3,5-trinitro-1,3,5-triazinane (RDX), -1,3,5,7-tetranitro-1,3,5,7-tetrazocane
(B-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) [5]. This work, also focus to
verify the feasibility of co-agglomeration method [6] (slurry method of co-crystallization [6, 7]) for the
preparation of the mixed crystals (composites) attractive nitramines with the non-explosive PANi-polymer.
The above-mentioned is thus the subject of the present paper with a follow-up study of the explosive and
stability properties of the nitramines/PANi complexes with an estimation of the possibility of their practical

use as explosive fillings of various military and civilian usable objects.

Emeraldine Salt form of PANi

| {
+ +e
HSO,4 HSO, /N

N/ O,N N—NO2
r N0z ¢ NN—NO
/N N NO,—! N'— 2
0N B N
/ N\,
OzN/ ON NO,

2
HNIW/CL-20
@ BCHMX

Scheme 3.4.1 Schematic representation of co-agglomerated - polyaniline composite crystals, the binding of
attractive nitramines with PANI chain(recreated from earlier reported work [1-4])
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3.4.2 Results
3.4.2.1 Powder X-Ray diffraction(PXRD) studies

Using PXRD technique the peak intense intensities 20 values were obtained which are summarised in Table
3.4.1, and documented by the PXRD diffractograms in Figure 3.4.1.The nitramines (NAs) with PANi
undergo co-agglomeration - binding to PANi polymer chain (Scheme 3.4.1). Changes connected with it are
clearly observable in PXRD diffractograms. Here NAs act as Lewis acids with electron withdrawing groups
and easily bind electrons from the PANi chain (Scheme 3.4.1). This stabilizes the polymeric PANi-NAs
chain. To attain this compactness in the polymeric chain, the polymorphic changes of some nitramines
observed: e-CL20 is converted into its B-modification during forming of the f-CL20/PANi composite, and
B-HMX goes into its polymorphic a-modification and in this form, is stabilized in corresponding composite
crystals a-HMX/PANI. In our earlier papers, HMX was stabilized in its co-agglomerated crystals (CACs)
with polynitro arenes [8-10] and polynitramines [11] in the form of its 8-modification. It is a known fact,
that CL20 in co-crystals with polynitro compounds is present mostly in its f-polymorph [12], while with
the non-nitrated compounds, it enters into co-crystal lattice in its y-modification; PANi seems in this sense
a certain exception - as a non-nitrated (very low nitrogen content) polymer enhanced forming B-CL20 in

the polymeric PANi-NAs chain.

These modifications changes are in a further text evaluated with DTA analysis, in which endothermic
changes that occurred are matched with PXRD data. It shows the nitramines form the complexes formation
with PANi with polycrystalline microparticles in other ways in comparison with classic co-crystals
formation(in terms of intermolecular interactions),thus we may call them PANi doped with NAs. More
broadly we here labelled as PANi-NAs composites. As is shown in section 3.4.1 and illustrated by Scheme

3.4.2, major two kinds of these composites crystals are formed.
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Figure 3.4.1 PXRD diffractograms of composites(CACs); 57 CL20/PANi; 58HMX/PANi; 59 BCHMX/PAN:i; 60
RDX/PANi

Table 3.4.1 PXRD data for pure nitramines and CACs

Sr No Code design. 20 valuesfor intense peaks / °
1 g-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 B-HMX 14.61, 16.3312,.31.45, 25.07,
5 3-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/PANI 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
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The morphological changes in nitrmines crystals after binding with the polymeric chain of PANi were

analyzed employing FESEM analysis. The obtained FESEM results were reported in Figure 3.4.2(a-h). It

was found that CACs of CL20 and BCMHX were smoother spherical peanuts like structures. Whereas the

in case of CACs of HMX and BCHMX its different smoother surfaced irregular sticks like crystals were

found. The smothered surface is common in all NAs/PANI. It shows that PANi were coated on crystals and

which made crystal edges smoother.

3.4.3.2 Morphology and Particle size analysis

It indicates there might be the formation of centre cored cocrystals with PANi. These smoothered surfaces

can effectively be influenced the impact sensitivity tests, which made nitramines in CACs withstand higher

drop energy (see Table 3.4.7).

Figure 3.4.2 FESEM images of compositesa& b) 57CL20/ PANi; ¢ & d) 58 HMX/PANI; e & f) 59
BCHMX/PANI; g & h) 60 RDX/PANi

Table 3.4.2 Particle size measurements

SrNo‘s Code design. Surface area (m?/kg)  Dv(10) uM  Dv(50) uM  Dv(90) uM
1 57p CL20/ PANi 1740 1.59 6.89 25.6
2 57 CL20/ PANi 1764 1.76 6.79 40.5
3 58p HMX/PAN:i 724.5 411 18.2 51.2
4 58 HMX/PANi 788.6 3.89 18.7 80.6
5 59p BCHMX/PANi 1318 1.94 7.68 28.1
6 59 BCHMX/PANi 1233 2.06 8.35 40.1
7 60p RDX/PANi 7745 4.07 15.6 83.8
8 60 RDX/PANI 1126 2.80 9.66 40.4

Note: Samples with “p” indicates samples obtained from first step of co-agglomeration i.e., co-precipitates
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In addition to morphology, it is very important to analyze particle size and the NAs/PANI specific surface
areas. As can be seen from Table 3.4.1, co-agglomeration of the NAs/PANI co-precipitates in chloroform
leads to the largest increase in specific particle surface area for the RDX/PANi and B-HMX/PANI
composites (RDX is known that its nanoparticles have the greatest propensity to a self-agglomeration [13]),
this agglomeration is relatively small for f-CL20 and a-HMX analogues, and for BCHMX/PAN:i it is more
of a grinding than agglomeration. Together with the surface morphology, these parameters also help
NAs/PANI to resist higher droplet energy. Overall, it shows PANi acted as an effective phlegmatizer for
selected attractive nitrmines (the effect of phlegamatiztion was shown in Scheme 3.4.2). Also, due to this

core-centrered crystal affect the densities of CACs also maintained (see Table 3.4.7).

3.4.3.3 Differential thermal analysis(DTA)

The thermal stability of the composites prepared was evaluated employing the DTA [8, 11]. The obtained
thermograms are shown in Figure 3.4.3, and the results are summarized in Table 3.4.2. PANi undergoes
decomposition at 600 C. It is not important here; the main focus is on the thermal stability of its composites.
From Figure 3.4.3 it can be seen that onsets of the CACs thermal decomposition are in all cases, lower than
pure Nas. Logically also, peak temperatures of their exothermic decomposition are slightly decreased (see
Table. 3).

Table 3.4.3 Summarized data from DTA thermograms of coformers and cocrystals with visible melting
points.

Peaksofchanges in DTA record /

H 1 0
Melting point /°C °C(changeofmaodification)

Samples

[Ref.] Endothermic Exothermic
e-CL-20 240 decompn [10] 170 (e-v) 225 (y - d)
a-CL-20 240 decompn [10] 175 (o—y) 225 (y-9)
BCHMX 286 decompn [10] -- 224
a-HMX - 189.6 (o — §) 272
RDX -- 209 215
PANi NA 243.25, 246.90, 251.36
57 CL20/PANi - NA 218.92
58 HMX/PANI -- 179.4 (B-19) 265.95
59 BCHMX/PANI - NA 218.53
60 RDX/PANI - NA 199.19, 217.56
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Figure 3.4.3 DTA thermograms of cocrystals 57 CL20/ PANi; 58 HMX/PANi; 59 BCHMX/PANi; & 60
RDX/PANi

It can be seen from Figure 3.4.3 that RDX, bonded on the PANi chain, began decomposing in a solid state
of this complex, which is a big difference from thermolysis of its CACs with polynitro compounds [8-10].
The decrease in thermal stability of the composites compared to pure nitramines may be due to the
mechanism of their interaction with the building units of the PANi chain, as shown in Scheme 3.4.1: the
indicated mode of interaction should facilitate homolysis of the N-N bond and, in addition, hydrogen sulfate
anions are present in the chain, i.e. acidic anions. The intensity of the interaction in the composite is so
intense that exothermic decomposition appears in the original thermal range of the CL20 polymorphic

transition. Similarly, in a composite with HMX, decomposition starts in the region of itso. — d- transition.

3.4.3.4 FTIR Spectral studies

To further confirm the intermolecular interactions between PANi and nitramines, spectral studies were used
in which FTIR showed some interesting results; characteristic peak shifts at the wavelengths were

summarized in Table 3.4.1. These spectra are sufficiently optimal for the identification of peak shifts with
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clear separations. The spectra showed absorption peaks in the wavelength region, i.e., 1480 + 20 and 1565
+ 20 cm!, are characteristic of stretching vibrations of C=C quinoidal and benzenoid rings, respectively.
Similarly, the peak lengths of polarons and quinoids indicate the presence of polaron and bipolaron ratios
in the polymer chain [14] (based on the peak lengths, the ratios of polarons and bipolarons can be
determined). If this ratio of polarons and bipolarons is equal to one, there will be an equilibrium between
them; if not, there is no equilibrium. In this study, it was found that there is no equilibrium, so this means
that there is a form of emerald salt PANi [2] that will further strongly influence the sensitivity to the electric
spark (discussed in section 3.4.4.5).

Table 3.4.4 Summarized results of FTIR measurements

57 CL20/ 58 HMX/ 59 BC/ 60 RDX/

Assignments PANI PANi PANi PANi PANi
N = Q = N Quinonoid (Q) unit stretching 1563 1594, 1525 1552 1568
N-B-N Benzenoid (B) unit stretching 1480 1490 1459 1471 1458
(C-N) stretchingof_secondaryaromatic 1290 1250 1259 1270 1262
amine
(C-N) stretchingofprimaryaromatic amine 1237 1227 1236 1207 1231
Q= N8 orB-ni 1032 1093 1085 1084 1037
Gamma (C_ljz]i(tléi}giﬁ:;?nmed unit) / Q 879 874 871 860 880
HSO4 ; —SO4*~ 696 687 657 654 671
Symmetrical -NO; stretching NA 1250 1259 1270 1262
Unsymmetrical -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
Skeletalstretching [Ring] NA 1163,1093 1137,1085 1135,1084 1131, 1037
N-O symmetricstreching NA 1251 1260 1272 1261

After undergoing co-agglomeration, a blue shift of these shifts has shown to be varied with individual
nitramines; in CL20, due to its crowdedness (slightly repulsive influence with rings of the PANi chain),
there might be interaction with PANi and with some surplus amount CL20 in mixture. Whereas the
remaining nitramines, due to electrostatic attraction with short contacts, made bond elongation within
polymeric chain in, which shown the red shift. These observations clearly indicated there will be rapid
transition process in both rings (benzenoid & quinoid in PANI) after adding nitramines. This further
influences the formation of PANi-NAs complex with electron transfer mechanism (Scheme 3.4.1). Also,

significant changes occurred in C-N stretching of both primary and secondary aromatic amine groups.
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Similarly, in bipolaronic B-NH++—B peaks; in addition to these observations the nitramines significantly
showed -NO; stretching vibrations. From DTA and PXRD data it is already known that CL20 changed its
polymorphic form e to B form, which more conveniently sits in a polymeric chain. However, CL20 might
exhibit slight unbonded pure nitramine in this composite. Apart from this remaining the RDX and BCHMX
also shown good compatibility with PANi. A peak observed at 675+20 cm™ corresponds to bending
vibration of -HSO.™ group [15]. Which is further confirmed by the Raman spectrum.

3.4.3.5 Raman Spectral studies:

Raman spectra were measured by Thermo Scientific™ DXR3 Raman Microscope, employing an excitation
laser source (wavelength of 785 nm & power 29 mV), 10x/0.25 objective and using 400 lines/mm grating
(3378 to 49 cm™). The characteristic peak shifts were summarized in Table 3.4.2. However, the pure PANi
and its composites found highly sensitive to laser power above 29 mV with 10x/0.25 grating(more details
see Chapter 2), if it taken above this laser power Raman spectrum will show mainly two peaks which are
polaronic charge carriers (-C-N-+)and -C=C stretching vibration of the semiquinoid ring [11 - 13].

Table 3.4.5 Summarized results of Raman measurements

57 CL20/ 58 HMX/ 59BC/ 60 RDX/

Assignments PANI PANi PANi PANi PANi
Phenazine-likecrosslinking 1703 1619 1620 1620 1669

C ~ C stretchingvibrationsofthesemiquinonoid unit 1592 1593 1598 1601 1591
N-H deformation in thesemiquinonoidstructures 1506 1504 1510 1509 1502

C~N-+-s stretchingvibrations in
highlylocalizedpolarons 1376 1378 1376 1379 1380
C~N+e
stretchingvibrationsofthesemiquinonecationradicals 1339 1332 1349 1339 1334
in delocalizedpolaronicStructures
C—N stretching in benzenoid and

quinonoidstructures 1232 1267 1267 1267 1269

C—H deformationvibrationof a quinonoid unit 1169 1170 1172 1174 1169
The benzene unit deformation in theemeraldine salt 809 805 881 850 846
Phenazine-likecrosslinking 575 579 597 578 575
Out-of-plane unit defog;nsz;tlons in theemeraldine 113 414 413 416 414
. S 1570, 1578, 1567, 1560,

Asymmetric —NOsstretchingvibration NA 1593 1598 1597 1591

. S 1285, 1267, 1267, 1269,

Symmetric —NO; stretchingvibration NA 1267 1248 1959 1250

—NO.deformationvibration NA 841, 805 844, 806 848, 803 882, 805
—-NO,Wagging NA 737,718 735,719 735,715 732,715
-N-N- bond streching NA 1169 1170 1172 1171
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Its main observation which differentiates from FTIR in which Raman spectrum polaron interactions are
observable [11].In the current study, it’s important to see the measured interactions between the nitramines
and PANi chain. So, we took spectrum lower laser peaks with optimum peak separation. A small peak
appearance at 185+10 indicates PANi presence in emeraldine salt form Il and which also indicates the
presence of the -HSO4 anion [15]. This indicates from both FTIR and Raman sulphuric content in pure
PANI as well as CACs; which is further confirmed by elemental analysis(see Table 3.4.7). FTIR benzenoid
and quinoid peaks showed significant variations, which can be seen from the characteristic peak shifts

summarized in Table 3.4.2.

3.4.3.6. Fluorescence studies

Fluorescence measurements were carried out to determine the influence of the charge transfer complex
formation in the CACs (NAS/PANI — see Scheme 3.4.1) on their properties. Outputs of these measurements
in a solution of DMSO are presented in Figure 3.4.4. In this Figure. the first absorption band at 630 nm is
probably a mixture of n-n* and n-n* transitions and absorption band at 340 nm corresponds to w-i*
transition [1-4].

From Figure 3.4.4b it clearly shown that the NAs-PANi complex formation leads to fluorescence decreases
[1-4]. But there will still be a small amount of free moiety of PANI, which shows that there will be free
electrons delocalization in polymer chain and linkage between the NAs-PANi easy access to external
electric charges; these are the main reasons for the electrical spark sensitivity of CACs (see Table 3.4.4.7
and Section 3.4.4.4). The further structural changes were confirmed by quantum yield analysis (Figures
3.4.4,3.4.6b, 3.4.7c, 3.4.8a, 3.4.8b, and 3.4.9a).

Similar behaviour was also found in the case of samples 57, 58, 59 and 60. Quantum vyields related to the
absorption band at 340 nm are summarized in Table 3.4.6. It is a known fact that quantum yield increases
if a non-fluorescent molecule bound to a fluorescent molecule.

Table 3.4.6 Quantum yields of samples under study measured in DMSO

Sample Quantum Yield (gFl)
PANi (2.5+/-0.3)x10°
57 (2.2+/-0.2)x10°®
58 (3.8+/-0.4)x10°®
59 (4.3+/-0.5)x10°®
60 (4.4+/-0.4)x10°®

The binding between the NAs-PANI makes the increase in the quantum yield, it can be explained by Lippart

equation [16]. That nonfluorescent binder (NAs) bounded with fluorescent material (PANi) changes
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guantum yield it due to excited / delocalizing electrons are absorbed by NAs (via NAs-PANi linkage),
which causes non radiative decay (Knr) in complex [16].
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Figure 3.4.4 a) Normalized UV/vis absorption (blue), fluorescence excitation (red) and emission (black)
spectra of PANi in DMSO; b) Fluorescence spectrum of pure PANi and their NAs-composites in DMSO

3.4.3.6 Thermochemical and Explosive Properties

The heat of combustions of pure nitramines and their PANi-composites were considered for the calculation
of thermochemical parameters. The density was obtained experimentally from the densitometer, and the
composition of composites from elemental analysis. From help Hess’s law and using these data, calculated
enthalpy of formation and obtained results were summarized in Table 3.4.7. The density of PANi is
relatively low compared to the nitramines; after undergoing the treatment of it by Nas, the composites
produced are with interesting arrangements (Scheme 3.4.3), which had crystals with relatively close or in
some cases slightly higher density with pure nitramines (it is with respect to polymorph transition of ¢ to 8
in CL20 and B to a in HMX).

After obtaining all these data, they were utilized for detonation properties calculations using the CHEETA
code [17]. Some of the mechanical and thermal energy was collectively considered as detonation energy
here. The volume of detonation products considered to a pressure of 1 atm determined the mechanical
energy, which is equal to the expansion work of the detonation products, and the thermal energy, which is
the heat in the detonation products under this pressure[18-20]. Other conditions, temperature 1800 K on
the Isentrope beginning at the CJ point, and composition of detonation products at this temperature

conditions are considered for calculations.
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Further next important part is the impact and electric spark sensitivities of the studied CACs; the first one

was determined by means of the standard impact tester (Julius Peters [21]) with an exchangeable anvil, the

amount of tested substance being 50 mm?3and used drop hammer of 2 kg, as it was already described in our

previous paper [11]. To determination of the electric spark sensitivity [22] the device was used with the

electrodes in direct contact with the sample(the ESZ 2000 MIL apparatus of the company OZM Research).

Table 3.4.7 Molecular formulas, thermochemical properties, and maximal crystal densities of pure

substances and corresponding CACs

Heat of

Enthalpy of

Explosive combustion? formation (cj:erz;tf;

No _ NA/ Mol. Qe AH; .

Code design. PANi  Formula® weight ~ (J.g%) Ref (klmoll) Ref  (3.cm%)

1 RDX -~ C3HeNeOs 22214 9522 [22]  66.2 [22] 1810
2 BCHMX - C4HeNgOs 29417 9124 [22] 2365  [22]  1.860
3 a-HMX = C4HgNgOs 296.18 [22] 7502 [22]  1.839
4 B-HMX -~ C4HsNgOs 296.18 9485 [22] 773 [22]  1.902
5 &CL20 ~  CeHeNizO1 43823 8311 [22] 39780 [22]  2.044
6 PB-CL20 ~  CeHeNiO1 43823 8327 [23] 42174  [23]  1.985
7 PANI . ([CoHNHE[CHNL), - 95800[24] o) [Cw] 15857 [Cw] 15022

Cé.00H6.33N0.9802.00S0.14 128.64

8 57 CL20/ PANi ~  CuesHinaNi2ooOweSorr 54659 11240 [Cw] 32147  [Cw]  1.9691
9 58 HMX/PANI Cs.66H1016N5 0009 0250.13 35458 11979 [Cw] 3119  [Cw]  1.8967
10 59 BCHMX/PANi Co35Hs.00N8.0008.8250.05 33340 11245 [Cw]  89.21  [Cw]  1.8916
11 60 RDX/PANIi Cs.00Hs.60N6.0006.7150.08 26372 12379 [Cw] 617  [Cw] 1.8295

Note: Here, Cw- results obtained in current work;

The results of both these mentioned test methods are summarized in Table 3.4.7. It is interesting and

important that due to morphological changes (Figures 3.4.4 and 3.4.7a, Scheme 3.4.2) in CACs, the

presence of PANi causes their better resistance to impact; other hand, due to their conducting properties

these NAs/PANi composites show higher electrical sensitivity. PANi thus acts as passage for electrons

transfer to reaction centers of nitramine molecules (their addition at nitro groups [22]), makes composites

more electric spark sensitive than their pure forms.
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Table 3.4.8 Sensitivities and explosive properties of pure substances and corresponding CACs

Electric Detonatio  Detonation ~ Energy of  Additive

Explosive Impact sensitivity Eq sp_a_rk_ n velocity pressure detonation, Value
sensitivity
. EES D P Edeton Edeton
No Code design. Ear Ear
: 50% (J)  Ref. 95 % (J) (mJ) (ms) (GPa) .9 (.9
1 RDX 5.6 [10] -- 147.7 9014 33.91 5915 --
2 BCHMX 3.0 [10] -- 1914 9116 36.19 6223 --
3 a-HMX 19 [10] -- 9126 35.05 5904 --
4 RB-HMX 6.4 [10] -- 160.0 9404 38.00 5964 --
13.28 [10]
5 e-CL-20 41b - 157.0 9650 43.41 6303 -
6 R-CL-20 11.9 [10] - 130.6 9421 4077 6320 -
7 PANI 50.0 Cw 108.0 35.6 6813 16.61 4845 --
8 57 CL20/ PANi 17.4 Cw 334 40.9 9025 38.05 5971 6136
9 58 HMX/PANI 31.0 Cw 87.2 37.9 8890 35.30 5597 5876
10 59 BCHMX/PANI 22.3 Cw 55.9 23.2 8836 34.58 5638 5908
11 60 RDX/PANI 214 Cw 31.1 449 8744 33.26 5544 5805

Note: a) the value for pure -CL-20;
b) the value for “common” (technical) quality of &-CL-20;

3.4.4. Discussions
3.4.4.1 Co-agglomeration

The attempt of co-agglomeration was preceded by the preparation of mixed microparticles by co-
precipitation from a common solution. The intense stirring actively influenced the particles size and surface
area of the NAs/PANi composites in both these processes (see Table 3.4.2). However, a real and mild co-
agglomeration was observed only in the case of BCHMX/PANI; in the other mixed co-precipitates, there
was an increase in the specific surface area after the co-agglomeration operation. This was further confirmed
by analyzing the particles sizes of the co-precipitates and final composites (see Table 3.4.2). Thus, although
we refer here to “co-agglomeration”, then as an applied process (to maintain continuity with our previous
publications [8-11]), it results in composite micro-particles. The obtained results are summarized in Table
3.4.2. The co-agglomeration process also showed improvements in the surface morphology of the CACs,
which was observed from the FESEM analysis in all cases of crystals showed smothered surfaces. FESEM
images show two major kinds of crystals, which centre-cored one and another coated, which made nitramine
crystals edges smoother (Scheme 3.4.2). As exceptional case -CL20/PANI centre-cored crystals PANI
unequally distributed average crystals.
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(a)

Nitramine crystals Coagglomeration Centre cored CACs

Coated CACs

Scheme 3.4.2 Schematic representation of two kinds of CACs:

a) the nitramine centre cored crystals with surrounded by PANi and PANi superficially coated which made
smoother edges of nitramine CACs;

b) both these partial Schemes with the indicates action of heat (during DTA measurements) and electron
(during electrical spark sensitivity measurements) tansfer to composites.

3.4.4.2. Thermal Analysis

As mentioned, the interaction of the nitramine molecules with the building units of the polyaniline chain in
the sense of Scheme 3.4.1 leads to their thermal destabilization. This could be explained as follows: this
interaction of the m-electron system or the free electron pair of aniline nitrogen (complexes with the charge
transfer) with the nitro group counteracts the mesomeric effect (Scheme 3.4.3) 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 be thus weakened).

Scheme 3.4.3 Mesomeric effect in the nitramine- grouping

The morphological changes, connected with formation of the complexes with charge transfer, effectively
influenced thermal analysis of the composites prepared (Table 3.4.2 and Figure 3.4.3). Considering the
structure of these complexes (Schemes 3.4.1 and 3.4.2) and corresponding morphological changes (section
3.4.3.2), the heat transfer will take place first through the PANi chain with following transfer on the

nitramine molecule.
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3.4.4.3 Spectral Examination

In spectral observations viz., stretching, bending vibrations and vibrational modes of PANi are more
dominated due to composites of the NAs crystals shielded by PANi (Scheme 3.4.2). From the spectral
characterizations, it is known that nitramines are bonded with the polymeric chain with electro-force of
attraction with the formation of short contacts with the benzenoid ring, quinoid units and polarons. These
bond formations take place during the "co-agglomeration". Applied heat helped electron enriched PANi to
attach with electron deficient nitro groups of nitramines. Except in the case of the B-CL20/PANi complex,
the remaining composites found more possibilities of complex formation (see Scheme 3.4.2). Additionally,
PANI and all its composites prepared were found to be laser sensitive; so, to avoid their ignition during

analysis, the least power (29 mV with 10x/0.25 grating) laser power was used.

Both FTIR and Raman stretching vibrations are overlying each other and thus verify that there is a complex
with charge transfer formation in the PANi CACs. The thermal electrons transfer during “co-
agglomeration” leads to complex formation is explained with the help of molecular orbital theory (MOT);
in which here PANiI (P*) acts as electron donors whereas the nitramines (NAs) act as electron deficient
species; during coagglomeration, these electronically charges species makes momentarily excited complex
(P+.NM-) [1-4]. The exception is the B-CL20/PANi composite because of the presence of a high number
of nitro groups in the molecule, bonded at the globular and crowded 2,4,6,8,10,12-hexaazaisovurtzitane
skeleton, with internal interactions between these nitro groups make the B-CL20 molecule not goodly

accessible to PANI chain mainly from the steric reasons.

The higher moiety electrons at aza-nitrogen atoms in the CL20 nitramino-groupings might attribute
inductive effect to decrease affinity of nitro nitrogen atoms (see Scheme 3.4.2) to n-electrons from PANi
(see Scheme 3.4.1). It ought to lower in the driving force for the charge transfer. A bigger part of the CL20
molecule should be balanced by internal 7-m stacking; its short contacts in crystal lattice should stay
partially, and thus, some amount of physical mixture is formed of $-CL20 with PANi in composite. These
real facts influence its thermochemical, detonation and sensibility properties (energetic properties were
discussed in section 3.4.4.4). From the FTIR analysis it was also found that there is an -HSO4 peak at
67520 cm, which is a small amount present here, which further confirmed with elemental analysis, found
that there is 0.02 — 4.00 % of sulphur content and higher level of oxygen. Each analysis indicates presence
of Sulphur in the form of -HSO4", which further balanced the complete PANi chain. This anion also helps
here to remove the n-7 stacking which makes electron mobility easier due to this electron density increases
in polymeric chain which further utilized in the interaction with the nitramines forming complexes-
composites. It also enhances the physical properties like processability, solubility and electrical

conductivity of PANI as well as its NAs-composites. As polymer directed applications like using for sensor
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activity based on electrical conductivity and fluorescence this property is good [1-4]. However, for
corresponding composites it made relatively electrical spark sensitive than the pure NAs have (see section
3.4.45).

3.4.4.3.1 The N-N bond stretching vibrations

The first step in verification of co-crystal formation in our recent papers [8-11] consisted in comparing the
lengths of the longest N-N bonds with the N-N ones stretching vibrations. For our PANi complexes, this
approach is presented by Figure 3.4.5a. Here, in the first approximation, these bond lengths in pure

nitramines were applied for the corresponding PANi composites.
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Figure 3.4.5 Dependences connected with the N-N bond stretching:

a) A comparison of the lengths of the longest N-N bonds and the stretching vibrations of these bonds of
pure nitramines and their composites with PANi (the data placement in this Figure indicates the existence
complexes with charge transfer in the sense of Scheme 3.4.1); the N-N bond lengths have been taken from
the ORTEP views of the nitramines used in the CCDC database.
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b) Semilogarithmic correlation with impact sensitivity, expressed as a drop energy for 50 % probability of
initiation (for PANI is used C-N bond stretching in benzenoid and quinonoid structures);

c) Correlation with the electric spark sensitivity, taken here as an energy of spark, needed for 50 %
probability of initiation.

It is understandable that due to forming of the charge transfer complex of nitramines with PANi the N-N
bond lengths should be changed due to the negative influencing of mesomeric equilibrium (Scheme 3.4.3)
in nitraminic grouping (because of the changes in the force ratios in the crystal lattice of nitramines).
Similarly, as it was in co-crystals [8-11], this Figure 3.4.5a shows a large difference between pure
nitramines and their NAs/PANi (more precisely their composites). But comparing this Figure with the
similar ones in our recent papers [8-11] it can be seen the difference of the PANi composites from CACs
of the co-crystal type; while in our case the values of N-N bond stretching of composites lie in the range of
1169-1172 cm, in the case of co-crystals of the studied nitramines it was of 940-1040 cm™. The reason for
this difference is the difference in the decisive intermolecular interactions in the mixed crystals of both
groups of mixed crystals, which is reflected in the thermochemical, explosive and sensitivity properties of

the composites (as already mentioned).

In the process of the nitramines initiation, it is primarily the N-N bond that is homolyzed [25, 26]. In this
context, the semilogarithmic relationship between impact sensitivity and N-N bond stretching is
understandable (Figure 3.4.5b): if we consider the definitional relationship between the vibrational
frequency and the bond force constant (i.e., roughly the strength of the given bond) [27] then the relationship
in Figure 3.4.5b should imply that the increasing this strength should correspond to decreasing of impact
sensitivity, which correspond to reality. The fact that B-HMX data do not correlate here and a-HMX data
do, also corresponds to reality (the latter named is present in the corresponding PANi complex).Similarly,
Figure 3.4.5c could be perhaps discussed for pure nitramines. However, the initiation by the electric spark
is related to the addition of an electron at the nitro group [22], 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, perhaps due to the "good transporter" of electrons into the NAs reaction
center through the conducting PANi chains. Why the position of the p-CL20 data suggests opposite it may

be related to the complicated structure of its PANi complex (see already above).

3.4.4.3.2 New unusual dependencies

Interesting are the dependencies, presented by Figure3.4.6, that are not possible to consider for CACs of
the co-crystal nature [8-11]. Thus Figure 3.4.6a presents the proportional influence of the deformation
vibrations of the structural building units of PANi chain on the resistance against impact of the studied

nitramines PANi complexes. While B-CL20 reduces these deformations somewhat compared to the same
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ones of the pure PANI, the remaining nitramines show a more pronounced opposite effect. The effect of

CL20 is undoubtedly due to the aforementioned special structure of its complex with PANI, the RDX,

BCHMX and HMX behaviour then due to interaction with polyaniline as shown in Scheme 3.4.1. The

intensity of this interaction can be assessed by fluorescence measurements: as the fluorescence of the

PANI/NAs complex increases, the intensity of interactions between molecules of its coformers decreases

(the opposite is true for quantum yield) [1-4]; in Figure 3.4.6a this intensity thus should decrease in series
of the RDX-BCHMX-HMX/complexes, CL20 is an exception, as already mentioned.
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Figure 3.4.6 Dependences connected with the structural characteristics:

a) relationship between impact sensitivity (expressed as an drop energy in J) and the benzene unit

deformation in the emeraldine salt;

b) relationship between length of the longest N-N bond and quantum yield from the fluorescence
measurements (PANi complexes are indicated only by pure nitramine codes, dimethyl nitramine is
presented as a standard for valence angles) — values of the N-N bonds length and valence angles.

c) relationship between quantum yield from fluorescence measurements and FTIR skeletal (ring)

stretching;

d) relationship between crystal density NAs/PANi complexes and their quantum yields.

If the photons are emitted from the nitramine grouping —N-NO; of nitramine, then its electron configuration

understandably has a large influence on it, which in the first approximation in Figure 3.4.6bcan be
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represented by the length of the longest N-N bond (trigger bond) and a notice of valence angle —CH,—N-
CHa—, connected with this bond.

Considering those angles, compared to the valence angle of dimethyl nitramine (taking it as a standard), it
can be seen that all nitramines (except B-HMX) have crowded molecules (even RDX, corresponding to its
reactivity compared to B-HMX).Stabilizing the highly sensitive a-HMX by converting it into a PANI
complex makes it a very attractive low impact-sensitive explosive whose data in Figure 3.4.6c¢ lie logically
close to the dependence for the other NAs/PANI. The order of the NAs/PANi complexes in this Figure
already corresponds to the order of the quantum yields found, i.e. the order of the intensity of the
intermolecular interactions of the coformers of the studied complexes (the weakest for B-CL20, strongest
for RDX). The aforementioned emission order is also very well captured by Figure 3.4.6c¢, i.e. the decrease
in photon emission with increasing FTIR skeletal stretching (that stretching increases with increasing steric
crowding of nitramines molecules).The logical linear relationship between quantum yield and crystal
density, presented in Figure 3.4.6d, 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 overall electron structure
of the NA molecule, which has a major influence on method of its placement in the crystal lattice and thus
on the density of the crystal.

3.4.4.3.3 Relationships derived from fluorescence measurements

Already, it was mentioned in the discussion of Figure 3.4.6 - this is the quantum yield, i.e., according to the
IUPAC definition [28], the number 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 grouping
(trigger grouping) has a fundamently influence on the photon emission, which gives the quantum yield.
Figure 3.4.7 shows further interesting relationships between quantum yields and the characteristics of the
NAs/PANi complexes.

The dependence in Figure 3.4.7a confirms that the detonation characteristics are related to the electronic
configuration of the ground state and the steric conditions, both these in the reaction center of the molecule
[26, 29, 30]. Similarly, can be said for impact sensitivity in Figure 3.4.7b, but here data of the CL20 complex
outside of the relationship is due to weakest mutual interaction of coformers (and thus different reactivity),
as was already mentioned. No form of linear relationship could be found for the electric spark sensitivity
(Figure 3.4.7c); as noted already above, the primary step in this initiation is the addition of an electron at
the nitro group [22], i.e., the attack only on a part of the nitramino grouping and it might be reason this un-
linearity. The difference in the correlation (uncorrelation) of the B-CL20/PANI data in each part of Figure

3.4.7 also lies in the strength of the initiation - that is, shock in detonation versus impact and spark in the
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other two. It appears that these kinds of outputs from fluorescence measurements could be used to study
the primary processes of initiation of energetic materials in the sense of the physical organic chemistry
approaches [26, 30].
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Figure 3.4.7 Dependences connected with the quantum yield of the studied NAs/PANi complexes:

a) relationship between detonation velocity and quantum yield,;
b) relationship between impact sensitivity, expressed as a drop energy (in J), and quantum vyield;
c) relationship electric spark sensitivity and quantum yields.

3.4.4.4 Towards the electric spark and impact sensitivities, including shock influence

As shown at Scheme 3.4.2, that there are two kinds of crystal arrangements of the PANi composites
(verified by the spectroscopic and morphological analysis). Fall hammer dropping stress should be initially
transferred to PANI layer, by which it can be partially absorbed, once it reaches to NAs it will lesser effect.
In both cases of crystal arrangements, the PANI thus acted as effective phlegmatizer, with which HMX
shows good compatibility, followed by BCHMX, RDX, and CL20. One from the first study of impact
sensitivities in crystalline explosives, using the Raman vibrational spectra was published by Mc Nesby and

Coffey [31]; their approach, through construct vibrational energy level diagrams, led to a model designed
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to calculate the rate of energy transfer from phonon and near-phonon vibrational energy levels to higher

energy vibrational levels. Unlike them we seek to correlate this sensitivity directly with the outputs of

Raman and FTIR spectroscopy, as is presented in [8-11] and here in Figures. 3.4.5b and 3.4.6a, extended

newly by output of fluorescence measurements (Figure 3.4.7b). Our goal is to search and confirm trigger

bonds. It has already been pointed out in the discussion of Figure 3.4.5a that due to the difference in the

crucial intermolecular interactions in PANi composite crystals and co-crystals with polynitro coformers

(the last ones see in [8-11]), the assortment of direct relationships of both the Raman and FTIR outputs

with characteristics of these composites initiation is somewhat limited.
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Figure 3.4.8 Dependences connected with the FTIR outputs of nitro group in studied composites:

a)

b)

relationship between energy of the electric spark (needed for 50 % probability of initiation) and

FTIR symmetrical N-O bond stretching;

semilogarithmic relationship between energy of the electric spark (needed for 50 % probability of

initiation) and FTIR symmetrical NO- stretchi

ng;

relationship between the FTIR symmetrical N-O bond stretching and detonation velocity.
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The mode of interaction of electrically conductive PANi with NAs molecules (see Scheme 3.4.1) allows
perfect electron transport from the electric discharge into the reaction centers of nitramino groupings, i.e.,
to nitro groups. In addition, presence of the -HSOasanions in PANi enhances its electrical conductivity [1-
4] (see section 3.4.4.5). The same group gives stability and processibility to PANi when comes its physical
stability and storage, including of its composites.

It is in connection with the attack of the electron on the nitro group, as a primary step of initiation, that
Figures. 3.4.8a and 3.4.8b might be of interest. In the first case, according to the proposed mechanism of
electron entry at the nitro group [22], the enhancement of the N-O bond (see already a bond force constant
in 4.3.1) should facilitate the homolysis of the N-NO- bond, i.e., the dependence in Figure 3.4.8a should
essentially correspond to the said assumption. On the other hand, Figure 3.4.8a should represent the
stabilization of the NO, group against electron addition for partial relations with positive slope. The
introduction of sterically crowded beta-CL20 and BCHMX molecules into the PANi composites does not
change their stretching much (compared to the same for HMX and RDX) thus in the case of negative slope
dependence, the geometrical details of the respective PANi complexes with charge transfer should also play
a role. As far as the effect of the shock on the initiation of the studied composites is concerned, this could
be presented in a first approximation by Figure 3.4.8c: again taking into account the force constant of the
bond, it can be stated that the detonation rate of the respective nitramine or its composite increases with the
decrease of the N-O bond strength (an opposite situation in electric spark initiation according to Figure
3.4.8a) and, as it was shown in Figure 3.4.7a, with decreasing of electrons emission in the fluorescence

measuring.
3.4.4.5 The Energetic Point of View

The detonation parameters of PANI in Table 3.4.8 may be somewhat surprising; this polymer is an energetic
material with very slow exothermic decomposition (see Table 3.4.3 and paper[32]), whose thermochemical
characteristics, elemental composition and density (all these data in Table 3.4.7), when inserted into the
CHEETAH code, will give the values shown. However, this does not mean that PANi is a powerful
explosive, but the possibility of its detonation in a larger charge diameter and with a very powerful initiation

exists.

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 valid also for
certain from inert admixtures) [33]. Prof. Urbanski explains these increases in values by the increase in
entropy of the resulting mixture due to components entering in it [33]. For this kind of evaluation we have
used energies of detonation, Egeon (Se€ in Table 3.4.8, here additive value of Egeton) [8-11]. Compared to

nitraminic co-crystals with polynitroaromatic coformers [8-10], the effect of the increase in these
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“percentage” (additive) Egeon Values, due to the PANi composite formation, is more pronounced (for the

case of only nitramine coformers this effect is opposite [11]).

The inverse relationship between the performance [29, 34] and/or energy content [35, 36, 37] of explosives

and their sensitivity has already been mentioned (Licht’s rule [34]). How this situation looks in the case of

the composites studied here is shown in Figure 3.4.9
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Figure 3.4.9 Dependences connected with the thermochemical aspects of the substances studied:

a)

b)

c)

relationship between energy of electric spark (needed for 50 % probability of initiation) and
enthalpy of formation of the nitramines and their composites studied,;
semilogarithmic relationship between impact sensitivity (expressed as drop energy in J) and heat
of combustion of the nitramines and their composites studied;
semilogarithmic relationship between impact sensitivity (expressed as drop energy in J) and
voluminal energy of detonation of the nitramines and their composites studied.

It should be prefaced that pure cyclic nitramines (with save of BCHMX) make an exception to the above-

mentioned Licht’s rule [29, 34], as can be seen in all the illustrations of Figure 3.4.9. This exception is still

waiting for scientific explanation. The sensitivity to electrical spark versus to enthalpy of formation (Figure
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3.4.9a) [35, 36] corresponds within expectations, with some exception for B-CL20/PANI, whose specific
structure has already been mentioned above and which might by a reason of this expectation. It is quite
possible that during the initiation of the composites, the PANi itself is simultaneously attacked by the
discharge. It is perhaps worth mentioning here that in nitramines the energy of the electric spark is
semilogarithmically proportional to the length of the longest N-N bonding their molecules [22] (with this
may also be connected the position of the B-CL20/PANI data in Figure 3.4.9a).

The relationship between impact sensitivity and energy content can be presented in a semilogarithmic
version by Figure 3.4.8b: here the energy content, represented by heat of combustion [35], increases from
the right to the left of this Figure. and, except for pure nitramines f-CL20, BCHMX, a-HMX; is in full

agreement with Licht's rule. The same is possible about Figure 3.4.8¢ [29, 34].

3.4.5. Summary

Composite micro-particles of electrically conductive polyaniline (PANi) with attractive cyclic nitramines
RDX, HMX, BCHMX and CL20 were prepared by co-precipitation from a mixed solution and subsequent
co-agglomeration of the resulting coprecipitates. These composites are essentially charge transfer
complexes, which is related to their somewhat lower thermal stability compared to the starting nitramines.
The powder X-ray diffraction results showed changes in polymorph modifications in CL20 (from ¢ to B)
and HMX (from B to o)) during this preparation which was also confirmed with the spectral and differential
thermal analysis techniques. FESEM images in all composite micro-crystals showed smothered surfaces
and two major kinds of crystals which centre-cored one and another superficially coated which made the
nitramine crystals edges rounded. This method of coating nitramine microcrystals significantly reduces
their impact sensitivity, especially HMX (to 31 J from the original of 6.4 J), which is present in the

composite in its a-modification, which is in its pure state extremely sensitive to impact (1.9 J).

Among the spectral outputs of the study of the prepared composites, the FTIR symmetrical NO; and N-O
bond stretching, the N-N bond stretching and new quantum yield from fluorescence application are logically
related to their initiation reactivity (i.e., impact and electric spark sensitivities), relating to the nitraminic
components of composites. However, a relationship was also found and explained between impact
sensitivity and the benzene unit deformation in the emeraldine salt of PANi chains and linear logical
relationships between detonation rates and both the FTIR symmetric N-O bond stretching and quantum
yield. The known effect of increasing the detonation parameters of explosives mixtures, compared to those
calculated for their percentage representation in the mixture, is greater for the PANi composites than for
conventional co-crystals. The interesting sensitivity characteristics of the PANi composites, and their easy

preparation, should determine their potential use as a part of different initiators for various charges.
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3.5 Co-agglomerated crystals of cyclic nitramines with the nitrogen

rich 3,6-bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine
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3.5.1 Background

The high nitrogen materials based very interesting are on the s-tetrazine, here namely 3,6-bis(1H-1,2,3,4-
tetrazol-5-ylamino)-s-tetrazine (BTATz) [1-3]. BTATz is a strong candidate for phlegmatization of
technically appealing cyclic nitramines because, as will be demonstrated here later, it has good explosive
gualities and is exceedingly insensitive to impact; these nitramines are cis-1,3,4,6-
tetranitrooctahydroimidazo-[4,5-d]imidazole (BCHMX or bicyclo-HMX), e-2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane(e-CL-20), R-1,3,5,7-tetranitro-1,3,5,7-tetrazocane (3-HMX), and
1,3,5-trinitro-1,3,5-triazinane (RDX) [4].

To reduce the inherent sensitivity of these nitramines, in addition to traditional phlegmatization with
polymeric materials [4—7], in some cases also, cocrystallization with suitable energetic materials or, more
recently, coagglomeration with suitable coformers can be used. However, both of these mentioned crystal
engineering approaches, may not lead to improved properties over the starting coformers (the case of the
CL20/TNT cocrystal [8]). Still, by appropriately choosing the molar ratio of the coformers, their molecular
structure and the kind of continual phase of the process, remarkably positive results can be obtained [9—
13]. Examples of the successes mentioned can be energetic coagglomerates/cocrystals. Examples of the
successes mentioned can be energetic coagglomerates/cocrystals of the HMX/TATB & RDX/TATB [10],
CL20/BCHMX [11], HMX/HNS[12], CL20/FOX-7 [14], etc. (coagglomerates represent co-mixtures of the

own cocrystals with one from the coformers [9-13]).

As far as BTATz is concerned, it has unique molecular structural features for the cocrystals because it
contents and allows the formation of =N—H....N- interactions ranging from bridging amines to terminal
tetrazoles rings, i.e., both the inter- and intra-molecular hydrogen bonding dominates in its crystals packing
arrangement of its structure. BTATz exhibits edge-to-face geometries and sheets stacked vertically and
high thermal stability [15]. It shows the effective cocrystal formation with the nonenergetic materials [15,
16]; earlier results have shown that the electrostatic potential plays a key role in the crystallization of
BTATz with coformers and suggests that the more polar molecules of the energetic materials may be needed
for successful cocrystallization with this high-nitrogen energetic material. At the same time, BTATz lacks
solubility in common solvents, and thus it needs to choose a more selective solvent [15]. Earlier results
from the BTATz cocrystallization showed its bigger compatibility with energetic materials like K-6 (2-oxo-
1,3,5-trinitro-1,3,5-triazinane), LLM-107 (1,4,5,7-tetranitro-1,4,5,7-tetraazabicyclo[4.3.0] nonan-6-one -
TNPDU), and NTO (5-nitro-1,2,4 triazol-3one) etc. [15, 17]. The application of BTATz as a coformer also
brings a significant reduction in the sensitivity of the resulting cocrystal, and the effect of its density on

those of this product is not negligible [15, 17]. The energetic cocrystals of BTATz are as yet very poorly
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understood. Therefore, not without interest what effect this high nitrogen material will have on the

properties of the technically attractive cyclic nitramines and is the focus of this work.

3.5.2 Results

3.5.2.1 Powder X-Ray diffraction (PXRD) studies:

To understand intriguing changes in crystal morphologies and crystalline phase PXRD and FESEM analysis

were carried out. The observed results from PXRD at room temperature are summarized in Table 3.5.1 and
corresponding diffractograms in Figure 3.5.1. The RDX values of 26 are 15.65°, 15.90°, 19.85°, 24.10°,
29.83°, 30.10°, 32.50°, 33.15° and 35.64°, 8°. For HMX are 13.71°, 19.37°, 23.27°, 25.55°, 29.71°, 30.94°,
36.19° and 39.20°. For BCHMX 26 values are 15.65°, 15.90°, 19.85°, 24.1°, 29.81°, 30.10°, 32.51°, 33.15°
e- CL20: 11.88°, 12.40°, 17.64° 20.40°, 24.70°, 27.62°, 28.78°, 31.84°, 32.98°, 37.98°,
44.44°, 45.38°, Similarly, for BTATZ 13.22°, 15.26°, 16.34°, 17.20°, 30.28°, 31, 32.16°, 34.94°, 36.74°,

and 35.64°. For

Table 3.5.1 PXRD data for pure nitramines and CACs

Sr No Code design 20 values for intense peaks / °
1 g-CL-20 14.30, 30.10, 42.98
2 B-CL-20 12.66, 13.86, 30.34
3 BCHMX 9.74,12.65 and 23.57
4 B-HMX 14.61, 16.31, 24.45, 25.07, 32.31
5 5-HMX 13.10, 17.02, 24.34
6 a-HMX 20.52, 27.20, 29.66, 31.94
7 BTATZ 12.88, 17.66, 20.18, 21.82, 25.18, 26.78, 29.14
7 9) RDX/BTATz B1 12.88, 17.66, 20.18, 21.82, 25.18, 29.14
8 10) RDX/BTATz B2 13.02, 17.78, 20.30, 21.94, 25.30, 29.22
9 11) HMX/BTATz B1 14.60, 20.46, 22.94, 31.82
10 12) HMX/BTATz B2 14.60, 20.46, 22.96, 31.84
11 13) CL20/BTATz B1 12.02, 13.66, 20.08, 27.92
12 14) CL20/BTATz B2 12.02, 13.66, 20.08, 27.93
13 15) BCHMX/BTATz B1 12.94, 16.18, 23.88, 27.74
14 16) BCHMX/BTATz B2 12.64, 16.15, 23.58, 29.82
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Figure 3.5.1 PXRD diffractograms of Coagglomerated crystals /cocrystals (CACs) 9) RDX/BTATz B1,
10) RDX/BTATz B2, 11) HMX/BTATz B1, 12) HMX/BTATz B2, 13) CL20/BTATz B1, 14)
CL20/BTATz B2, 15) BCHMX/BTATz B1 and 16) BCHMX/BTATz B2

Coming to effect of the coagglomeration effect on the obtained CACs showed effective polymorphic
changes in nitramines to amend the crystal lattice of the BTATZ. In RDX/BTATz-1: 13.22°, 15.26°, 16.34°,
17.20°, 26.78°, 30.28° 32.16° 34.62° and in B2: 13.34°, 15.38° 16.46° 17.30°, 26.64°, 26.88° 30.38°,
31.100, 31.84°, 32.24°, 35.04°. HMX/BTATz B1: 15.94°, 26.06°, 27.10°, 29.56° and B2: 15.94°, 26.08°,
27.12°,29.56°, in both batches HMX converted from [ to o modification. CL20/BTATz B1: 13.86°, 14.96°,
17.46°, 17.92°, 24.90°, 26.56°, 27.42°, 28.78°, 30.18° and B2: 13.66°, 14.96°, 17.47°, 17.92°, 20.08°, 24.90°,
26.56°, 27.42°, 28.78°, 30.18° in both batches CL20 converted from ¢ to p modification. BCHMX/BTATz
B1: 10.0°, 15.92°, 20.12°, 24.42°, 30.12°, 30.32°, 32.8° and in B2: 9.72°, 15.96°, 19.84° 30.10°, 30.82°,

33.14°. More convenient form, the remaining main intense peaks were mentioned in tabulated form in Table
3.5.1.

Overall, all the CACs show different polymorphic crystalline phases compared with their pure forms of
nitramines, with the appearance of new peaks in PXRD diffractograms, some new doublet formation and

new intense as well as small intense peaks. These all clearly show that active intermolecular interactions
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occur between the attractive nitramines and BTATz. It further suggests changes in the cocrystal
characteristics. In particular, in the case of HMX, it appears that BTATz stabilizes metastable a-HMX in
the respective CACs, which may be due to the crystal arrangement of HMX in the BTATz interspace.

3.5.2.2 Morphology and Particle size analysis

The morphology and particle size analysis were conducted to assess the effect of coagglomeration
(instrumental details mentioned in Supplementary information S2.1). From the morphological studies it
was found that CACs contain generally irregular shapes and microcrystals. In the case of both RDX batches,
crystals have round-shaped edges. Whereas in the case of both HMX batches their crystals are definite
shapes with slightly porous surface and with smoothened crystal edges. In the case of CL20 samples, batch
B1 differs from batch B2; the first one with round-edged crystals and batch B2 was found to be more like
rice grains with smaller sized needle-shaped crystals. In the BCHMX batch, B1 was found irregularly round
shaped edged crystals, and in batch B2, the totally different smaller rice grain shaped smaller broken needle-

shaped crystals.

Particle size analysis showed a clear difference in both batches of all nitrmines: in the CACs, batches B1
found bigger crystals, whereas, in the CACs, batches B2 (except in the case of HMX, where practically
remain the same particle size) showed the decrease in crystals sizes with an upsurge specific surface area
[Dv(50) values are 3 -12 uM and surface are 1200 to 2400 m? kg™].

Table 3.5.2 Particle size measurements of BTATZ CACs

Particle size analysis

Continous CA Phase Surface area
No Code design. Phase (m?/kg) Dv(10) uM  Dv(50) uM  Dv(90) uM
1 9 RDX/BTATz B1 DMP/H,0 CHF 1544 1.68 7.79 20.30
2 10 RDX/BTATz B2 DMP/ H,O CHF 2399 1.14 3.95 16.80
3 11 HMX/BTATz B1 DMSO/ H,0 CHF/IPA 1034 4.21 12.8 29.50
4 12 HMX/BTATz B2 DMSO/ H,0 CHF/IPA 1237 2.89 12.2 25.01
5 13 CL20/BTATz B1 DMP/ H,O CHF 1311 2.88 16.2 32.10
6 14 CL20/BTATz B2 DMP/ H,0O CHF 3154 1.01 2.97 6.55
7 15 BCHMX/BTATz B1 DMP/ H,0O CHF 1517 1.73 7.49 16.90
8 16 BCHMX/BTATz B2 DMP/ H,O CHF 2377 1.10 4.52 11.50

Note: DMP - Dimethyl Pyrolidone; CHF- Chloroform, & IPA-Isopropanol and CA- phase coagglomeration
solvent

Thus, the cross stirrer (batches B2) could be a better option for coagglomeration than the linear one (batches

B1) in terms of crystal morphology and surface area. A survey of the studied samples with detailed analysis
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is shown in Table 3.5.2. It can also seen from SEM images of HMX CACs totally different (Figure 3.5.2e
- h) from the other CACs.

Figure 3.5.2 FESEM images of CACs, a) & b) 9 RDX/BTATz B1; ¢ &d) 10 RDX/BTATz B2; e & )11,
HMX/BTATz B1; g &h) 12 HMX/BTATz B2; | & j) 13 CL20/BTATz B1; k & I) 14 CL20/BTATz B2; m
& n) 15 BCHMX/BTATz Bl and 0 & p) 16 BCHMX/BTATz B2

3.5.2.3 Differential thermal analysis (DTA)

The characteristic thermograms obtained from DTA analysis (experimental details mentioned in
Supplementary information S2.8) are shown in Figure 3.5.3, and exothermic and endothermic changes are
tabulated in Table 3.5.3.
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Figure 3.5.3 DTA thermograms of cocrystals 9) RDX/BTATz B1, 10) RDX/BTATz B2, 11) HMX/BTATz
B1, 12) HMX/BTATz B2, 13) CL20/BTATz B1, 14) CL20/BTATz B2, 15) BCHMX/BTATz B1 and 16)
BCHMX/BTATz B2

The thermograms of CACs are compared with the pure coformers in Figure 3.5.3, and thermal changes are
evaluated. The endothermic changes showed that the nitramines polymorphic state in CACs slightly
restricts the phase transition. Similarly, the exothermic changes showed * 2 to 20 °C variation (differences
w r t pure nitramines shown in brackets). BTATz is a very thermally stable energetic material [15].
However, after undergoing coagglomeration with nitramines, corresponding CACs showed early
decomposition and observed key thermal changes (see Figure 3.5.3). Compared to the net state, RDX is
stabilized in its CACs, HMX is more destabilized, CL20 is clearly destabilized, and BCHMX is slightly
stabilized in B1 quality and destabilized in B2 quality.

That is, the intermolecular interactions of the coformers (specifically hydrogen bonding, van Der Waals
interactions, and ©-n stacking) changed in type, intensity, and mutual proportional representation after the
entry of nitramines into CAC. Moreover, especially in the case of BCHMX, this documents the influence

of chemical engineering parameters on the results of the "slurry cocrystallization".
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Table 3.5.3 Summarized data from DTA thermograms of coformers and cocrystals with visible melting
points.

Peaks of changes in DTA record / °C (with phase

Samples Me'““[gRF:]Ei]”t f°C modifications) Ref
) Endothermic Exothermic
&-CL-20 240 decompn [12] 170 (e - y) 225 (y- ) [12]
0-CL-20 240 decompn [12] 175 (a—y) 225 (y-9) [12]
BCHMX 286 decompn [12] -- 224 [12]
B-HMX - 190 (0. — 8) 272 [12]
RDX 204 209 215 [12]
BTATz - NA 286.81 [Cw]
9 RDX/BTATz B1 - 209.25 224.99 (+9) [Cw]
10 RDX/BTATz B2 - 207.78, 211.90 222.32 (+11) [Cw]
11 HMX/BTATz B1 -- 199.34 251.97 (-20) [Cw]
12 HMX/BTATz B2 -- 193.19 250.81 (-21) [Cw]
13 CL20/BTATz B1 - 152.74 222.32 (-2.7) [Cw]
14 CL20/BTATz B2 - 160.08 217.96 (-7) [Cw]
15 BCHMX/BTATz B1 - NA 226.37 (+2.4) [Cw]
16 BCHMX/BTATz B2 - NA 213.85 (-10.15) [Cw]

Note: Here, Cw- results obtained in current work;

3.5.2.4 FTIR Spectral studies

Intermolecular interactions between the coformer BTATz and nitramines are possible to predict on the basis
of their bending and stretching vibrational changes in FTIR and Raman spectral studies. The key stretching
and bending vibrations are tabularized in Table 3.5.4. BTATz bridging amines to terminal tetrazole rings
and located on an inversion center with =NH:--N- interactions, also edge-to-face stacking provides more
space to geometries; additionally acts as a strong hydrogen donor to the studied nitramines [15]. These
structural aspects make changes in CACs can be seen in spectra. A change in stretching of O—N-O---H-
structural bond shows that the intramolecular hydrogen bonds switch to the intermolecular hydrogen bonds
in the crystal lattice of CACs BTATz with the studied nitramines.
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Figure 3.5.4 FTIR spectrum of 9) RDX/BTATZ B1, 10) RDX/BTATZ B2, 11) HMX/BTATZ B1, 12)
HMX/BTATZ B2, 13) CL20/BTATZ B1, 14) CL20/BTATZ B2, 15) BCHMX/BTATZ B1 and 16)
BCHMX/BTATZ B2

Similarly, the main stretching, like symmetric and unsymmetric -NO; stretching vibrations observed at
1230450 and 1570+10 cm, respectively, also shows effective changes. In addition, the same changes are
also shown in ring stretching and C-H stretching vibrations. All these changes lead to stabilizing the crystal
lattice of CACs through intermolecular interactions oriented in different order. Correspondingly, in the
region of 1030-1200 cm%, the stretching vibrations of the skeleton rings are shifted in the new CACs, which

indicates that the rings are stabilized by intermolecular hydrogen bonding.
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3.5.2.5 Raman Spectral studies

Table 3.5.4 Summarized results of FTIR measurements

Assignments CL-20 BCHMX _ HMX RDX BTATZ 9 10 11 12 13 14 15 16
|
O-N-O-H-- 3042 3031 3671 3074 3121 3074 3074 3036 3036 3043 3052 3031 3032
structural bond
. 3042 3065,
C-Hstretching 5o 3019 3052 G0 2962, 3066 3066 3027 2992 3016 3024 3018 3018
. 1262
Symmetrical ' - 1263, 1263, 1261, 1263,
NO stetching 1252 1218 1240 112291%3 1200 1300 1237  1pay 1258, 1255, 1264 1273
Unsymmetrica
1575, 1589, 1589, 1563, 1554, 1526, 1531,
IN-O 1562 1562 1539 1569 547 1569 1568 1008 1610 e 1s00 1603 1603
stretching
. 737, 790, 779, 779, 771, 771, 721, 716, 772,
E&miﬁgetizh”% 757 774 77?(’5% 752, 745, 752, 752, 759, 759, 756, 749, 742, ;71‘21’
group 779 715 737 737 752 752 743 738 - :
C-N stretching 1325, 1325, 1326, 1326, 1377, 1376,
[Nitro group] 528 1326 1315 1309 1301 1386 1386 5,7, 4347 1353 1380 1342 1356,
Skeletal 1137 1136
: 1182: _ 1207, 1216, 1215 1216, 1124, 1125, 1078, 1080,
Stigf:'?g 1040 871084 Gaer o370 o7 q03s M8T 189 oes Goa7 1061 1067,
g 1034 1044
Symmetric- 1222 12710, 1309, 1301, 1231 1282 1287, 1287 1219, 558 qopa 1273,
NOuStetching 1218 12731200 1240, oo ey 1263, 1263 1261 1263, 1283, 15u0 150 oo
1280 1215 1216 1200 1200 1278 !
1632, 1547+ 1614, 1616,
Asymmetric - 1601,  1603,1554, o0 gég' 1575% 1589, 1589, 1608, 1610, iggg 1600, 1603, ggi
NO, Stretching 1585, 1526 lsgs  1610%, 1569, 1568, 156 1527 [ 1554, 1526, o -
1562 1623* 1529 1528

Note: * The ring structure (above 1320 cm), absent in pure BTATZ molecules with centre of symmetry (1500 -1600 cm™?).
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Figure 3.5.5 Raman spectrum of 9) RDX/BTATZ B1, 10) RDX/BTATZ B2, 11) HMX/BTATZ B1, 12)
HMX/BTATZ B2, 13) CL20/BTATZ B1, 14) CL20/BTATZ B2, 15) BCHMX/BTATZ B1 and 16)

BCHMX/BTATZ B2
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The Raman spectral study of CACs of BTATz showed distinct changes in stretching vibrations compared
to the original NAs. The Raman spectral study of CACs of BTATz showed distinct changes in stretching
vibrations compared to the original NAs. As mentioned earlier, special characteristics of BTATz (see
section 3.5.3.4) effects can be seen in Raman spectral stretching vibrations, asymmetric —ONO stretching
vibration band at 760+10 cm™ is shifted to 73055 cm™, in which can see all CACs. An asymmetric and
symmetric stretching of -NO> groups observed at 14801600 and 1250 — 1280 cm?, respectively; there is
differential changes are observed as compared to the pure coformers, which indicates there is a formation
of intermolecular interactions in CACs between the BTATZ and cyclic nitramines. The CACs of the CL20
spectrum show a band around 280 cm™. Its B polymorphic modifications were created during
coagglomeration from all amounts of entered €-CL20. The B-CL-20 and a-HMX show O-NO bending
vibrations around 838 and 834 cm?, respectively. In the region of 1304 —1320 cm?, the O-N-O symmetric
stretching was observed in all the CACs, compared to the pure starting NAs. Observed bands at 121045
cm? originated from C-H bending vibrations, and the ones at 1010+30 cm™ show N-N stretching vibrations;

these changes indicate the active involvement of BTATZ in CACs formation.

1060

b-CL20/BTATZ-2
1050 4
b-CL20/BTATZ-1

1040 A b-CL20 @
a-HMX/BTATZ-1 BCHMX/BTATZ-2
A RDX/BTATZ-2 A
1030 a-HMX/BTATZ-2 RDXBTATZ-1 B BCHMX/BTATZ-1
®
BCHMX

1020 4

® HMX
1010 1 grATZ

N-N bond stretching vibration / cm™

1000 T T T T T T T
136 137 138 139 140 141 142 143 144

The longest N-N bond length in pure nitramine / pm

Figure 3.5.6 A comparison of the lengths of the longest N-N bonds with the N-N bond stretching vibration
of pure nitramines, their CACs and BTATZ (triangular points are the co-crystals data); the N-N bond
lengths are taken from the ORTEP molecular structures of the nitramines used in the CCDC database.

These distinct changes in mentioned characteristics of CACs, as compared to their coformers, indicate
strong intermolecular and interlayered interactions. BTATz shows sandwich-type stacking [15], which
helps to align the nitramines easily, as observed in the other stretching vibrations in Table 3.5.5. The effect
of the formation of BTATz coagglomerates/co-crystals on the change in N-N bond stretching vibration is
graphically documented in Figure 3.5.6; a zero change in this vibration is noted for RDX, which, however,

has a similar behaviour in its interactions also with other coformers [9-13]. Overall, as per outputs of the
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realized FTIR and Raman spectral analysis (also in our recent papers [9-13]) it strongly shows that there
are cocrystals formation during coagglomeration.

From the spectral studies, it is clear that strong and complementary intermolecular interactions favor
cocrystallization. However, other elements, such as each of the coformers molecular shape and lattice

energy, can also have an impact on the outcome.

3.5.2.6 Thermochemical and Explosive Properties

The heat of combustion of pure nitramines and their BTATZ CACs was considered for the calculation of
thermochemical parameters. Density was measured using a gas pycnometer, and the composition of the
CACs was obtained from elemental analysis. The enthalpy of formation was calculated using these data
and Hess’s law. The results obtained are summarized in Table 3.5.6. The densities of the BTATZ CACs
are relatively high compared to the nitramines (shown in Table 3.5.6), in some cases, slightly higher ones
than pure nitramines (this might be due to polymorphic transitions and consequent by strong and
complementary intermolecular interactions of the morphologically changed coformers). As mentioned
earlier, the data were utilized for detonation property calculations using the CHEETA code [18].

Corresponding results are summarized in Table 3.5.7.
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Table 3.5.5 Summarized results of Raman measurements

Assignments CL-20 BCHMX HMX RDX BTATZ 9 10 11 12 13 14 15 16
3245 — ~ - = ~ = 3115 —
_CH, stretching vibration 3052 3020 - - 3003 3075 3075 3046 3054 3032 -
3024 3146 3065 3065 3037 3037 3031 3035 3020 3020
o 2921 3000, 3000, 3027, 3028,
C—H stretching vibration 2992 - - 2856 2948 2948 2992 2992 3018 3025 2991 2990
2932 2805 2905 2905 - - 2986 2984 2932 2931
Asymmetric -NO,
Stretching vibration 1594 1606 1568 1580-1485 - 1503, 1503, 1568 1568  1624,1607 1557, 1626 1608, 1605,
1504 1499
- - * ) )
1554 1557 1560 1567 1568 1541 1540 1503, 1577 1500 1501 1550
C-H and -CH,
and —LH;. 1299 1378, 1378, 1367, 1367, 1299, 1298,
deformation vibration 1326, 1315, 1270 1310, 1273 1339 1345 1344 1349 1349 1335, 1382 1331, 1382 1337, 1335,
Symmetric -NO, 1280, 1273, 1273, 1267, 1267,  1309,1276, 1299, 1261, 1264, 1262,
stretching vibration 1252 1273,1264,1240  1240,1270 12171273 * 1216 1216 1248 1248 1262, 1248 1230, 1240 1240
. 1164, 1117, 1190, 1190,
sﬁ:%’cnﬁmetci‘gga';n 1182, 1194, 1167 1207 1217 1138, 1076 1076 1168, 1167, mfillj%’ 1147, 1191 111191‘2' 11119151
Y 1137 1156 1114, 1115,
N-N stretching vibration 1011%4%'79 1024 1013 1030 1011 1030 1030 1032 1032 1050 1049 1032 1008
C-C stretching vibration 1048 1058 1087 1085 1077 1048 1047 1081 1082 1082 1077 1059 1075
Ring stretching vibration 979 967 939 943 963 - - - - 983 989 - -
935 906 904 - 895 944 943 952 952 - - - -
R'”gvft‘frf:t:?:“on 913 850 850 848 963 848 848 834 834 939 938 961 968
881 906 - 885 895 885 885 883 883 891 895 890 895
_NO; deformation 32‘1‘ - - - 804 816 816 834 834 856 858 850 850
vibration
819 - - - - - - - - 833, 821 841, 823 - -
743 775 775 788 777 788 787 760 780,760 790, 803 794, 804 775,750 7754 750
. 755
-NO, Wagging 758, ’ 720 721
737 750 750 757 716 739, 695 23986 661 o 790 794 716 695

Note: * The ring structure (1320-1495 cm™), absent in pure BTATZ molecules with centre of symmetry (1500-1600 cm™)
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Note: * The ring structure (1320-1495 cm?), absent in pure BTATZ molecules with centre of symmetry

(1500-1600 cm™™)

Table 3.5.6 Molecular formulas, thermochemical properties, and maximal crystal densities of pure
substances and corresponding CACs

Heat of Enthalpy of
Explosive combustion formation
Molar Crystal
N _ ratio Mol. Qe (kjurzfol' Densi_ty
0 Code design. Nitram/ Formula weight (1. Ref -1) Ref (g.cm?)
BTATZ
1 RDX - CsHsNsOs 22214 9522 [12] 66.20 [12] 1.810
2 BCHMX -- C4HsNgOg 294.17 9124 [12] 236.50 [12] 1.860
3  o-HMX - C4HgNsOs 296.18 75.02 [19] 1.839
4 B-HMX -- C4HgNgOg 296.18 9485 [12] 77.30 [12] 1.902
5  B-CL20 - CoHsN12012 43823 8327 [12]  421.74 [12] 1.985
6 -CL20 - CoHsN12012 43823 8311  [12]  397.80 [12] 2.044
7 BTATZ -- C4HsN14 248.16 12048 [CW] 842.10 [CW] 1.7178
8 9 RDX/BTATz B1 1.00:0.20  Cz.84H5.16N6.0004.81 200.27 9625 [CW] 72.37 [CW] 1.8562
9 10 RDX/BTATz B2 1.00:0.21  C292Hs5.33N6.000s.21 207.95 9546  [CW] 66.50 [CW] 1.8634
10 11 HMX/BTATz Bl 1.00:0.29 CazsHsosNeooO7e0 ~ 297.28 10229 [CW] 17654  [CW]  1.8835
11 12 HMX/BTATz B2 1.00:0.28  C4.45H7.77N8.0007.00 285.47 10993 [CW] 276.62 [CW] 1.8555
12 13 CL20/BTATz Bl 1.00:0.45 Ce71He92N120001058 424.95 9952  [CW]  524.14 [Cw]  1.9692
13 14 CL20/BTATz B2 1.00:0.40 CsgsHe1sN120001013 404.40 8787 [CW]  711.54 [CW]  2.0041
14 15BCHMX/BTATzB1 1.00:0.27 Cass He02Ng0oOsssa  276.59 10177 [CW] 241.96 [CW] 1.8341
15 16 BCHMX/BTATzB2 1.00:0.24 CasgrHs46Nso0Oo13 ~ 238.64 9975  [CW]  287.28 [CW] 1.8697

Note: Here, Cw- results obtained in current work; calculation of hypothetical formulas of the CACs

prepared from the elemental analysis.

Another important issue is the impact sensitivity of the CACs studied; it was determined utilizing a

standard impact tester (Julius Peters [20]) with exchangeable anvil, with the amount of the tested

substance being 50 mm?®and the drop hammer used to weigh 5 kg, as earlier described in our previous

papers [9-13] . Results for both the 50 and 95 % probability of initiation are summarized in Table 3.5.7.
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Table 3.5.7 Impact sensitivity and explosive properties of pure substances and corresponding CACs

Explosive Impact sensitivity Eqr
Detonation Detonation Energy of
Eq 50 % E 050  Velocity, D pressure, P detEnatlon,
St i J) ) m.st Gpa e
No Code design. ( Ref. (m.s?) (Gpa) (.99
1 RDX 5.6 [12] - 9014 33.91 5915
2 BCHMX 3.0 [12] - 9116 36.19 6223
3 a-HMX 1.9 [21] -- 9126 35.05 5904
4 B-HMX 6.4 [12] -- 9404 38.00 5964
5 R-CL-20 11.9 [12] -- 9421 40.77 6320
6  &-CL-20 fdzs [12] -- 9650 43.41 6303
[22]
7 BTATZ 7850  [CW]  93.62 7291 20.41 3695
8  9RDX/BTATzB1 4450  [CW] 7141 8974 34.08 5478
9 10 RDX/BTATz B2 4480  [CW]  69.10 9063 34.93 5627
10 11 HMX/BTATz B1 4416  [CW]  64.60 9305 37.45 6098
11 12 HMX/BTATz B2 4601  [CW] 5195 9167 36.17 6097
12 13 CL20/BTATz Bl 1831 [CWI 4677 9290 39.40 6151
13 14 CL20/BTATz B2 2050  [CW] 2506 9643 43.30 6633
14 15 BCHMX/BTATz B1 10.41 [CW] 20.01 8810 33.25 5755
15 16 BCHMX/BTATz B2 11.81 [CW] 18.06 8857 33.78 5497

Note: a) the value for pure e-CL-20 [28];
b) the value for “common” (technical) quality of e-CL-20;

3.5.3 Discussions
3.5.3.1 Co-agglomeration

Coagglomeration realized as the slurry method, emerged as a more effective technique to prepare
cocrystals of cyclic nitramines [9-13]; earlier results showed output crystals found interesting properties
in thermochemical as well as detonation properties [9-13]. Preliminary semi-plant trials have shown
suitability for large-scale preparations with needed technological optimization (preparation
coagglomerate RDX/BCHMX for a gun-powder [23]). Intial coprecipitation evolves some bonding
between both coformers and subsequently undergoes coagglomeration, predominantly increasing the
crystal sizes and surface area uniformity. The aprotic solvent (chloroform) used in coagglomeration has
shown good suitability for the coagglomeration process. The earlier polynitroarene coformers showed
relatively higher influence on the specific surface areas and particle sizes of CACs significantly
increasesed, especially with 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) [10] and significantly also
2,2’,4,4°,6,6’-hexanitrostilbene (HNS)[12]. The opposite effect is exhibited by 1,3-diamino-2,4,6-
trinitrobenzene (DATB) [11] and especially by 2,2°,4,4°,6,6’-hexanitroazobenzene (HNAB) [12].

Comparing these previous results with those of BTATZ, especially using the crossed (+) stirrer, shows
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predominantly higher values (Table 3.5.2). These properties are influenced by supramolecular
interactions occurring between both coformers. Especially in the case of TATB [24] and BTATZ [25]
showed similar kinds of (face-to-face) stacking interactions, which further helps to incorporate with
cyclic nitramines in a crystal lattice. This space is more in the case of BTATZ due to two tetrazole units
linked through the sym-tetrazine bridge with cis symmetry order. It further influences not only the

crystal quality but also improves of resistance of CACs to the impact.

3.5.3.2. Thermal Analysis

Except for RDX the CACs of other nitramines showed decreased thermal signatures compared to their
pure coformers despite the BTATZ being thermally stable energetic molecule. It is logical and it has
also been proved in earlier cases of the nitraminic CACs with TATB and DATB [9, 10]. The above
shows that there are active intermolecular interactions between BTATZ and the studied nitramines. It
is also proven from spectral studies in which van der Waals forces of attraction (which occur mainly
between —NO2, —N-N (nitramines), —N—O----H— type hydrogen bonding, and —CH), and —C-H-
--1t (7 - m) stacking with two triazole rings of BTATZ. It acts as a strong hydrogen donor, making these
intra and intermolecular interactions stronger and more efficient [15]. The BTATZ thermal
decomposition begins by proton transfer [26] and its acidic nature thus may reduce the thermal stability
of BTATZ incorporated nitramines mainly in the temperature range over 200°C (see Figure 3.5.3).
Taking the exothermic peaks temperatures from Table 3.5.3 (and Figure 3.5.3) it can be seen, except
for RDX (decomposing from the very beginning in the liquid state), other nitramines in their BTATZ

composites show a decline in these temperatures, this is most pronounced with HMX.

3.5.3.3 Spectral Examination

Spectral (FTIR & Raman) studies showed active interactions between the studied nitramines and
BTATZ. These interactions influenced the properties of CACs and clearly implies that there is cocrystal
formation during the coagglomeration (see Figure 3.5.6 and section 3.5.3.4 & 3.5.3.5) - resulting from
coagglomerates (CACs). However, there are mixtures of these cocrystals, with an excess of one from
the coformer (our experience from our recent papers, for example [11]). The stretching vibrations in
coagglomerates showed distinguishable shifts viz., N-N (Figure 3.5.6) & C-H stretching, C-H bending
with redshifts compared to their pure nitramines (Table 3.5.6 and 3.5.5): for RDX, these changes are
almost zero, HMX has the largest increase in N-N stretching vibration of among the nitramines studied,
CL20 has a little and BCHMX has a minor decrease in FTIR C-H stretching, all upon transition to the
respective agglomerates. In terms of ring deformation, again for RDX, there is almost zero, a large
increase for BCHMX, a slight decrease for HMX and a slight increase in the respective values for CL20
as it transitions in the BTATZ complex. Among the other functional groups that may be involved in
intermolecular interactions, one should point out the FTIR symmetric N-O stretching, where after the

transition to coagglomerates, there is a large increase in values for BCHMX, then a smaller,
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approximately equal increase for RDX and HMX, and a very small increase for CL20. The switching
of intramolecular and intermolecular interactions causes these changes. In all cases, it is mainly the
formation and strengthening of intermolecular hydrogen bonds, in HMX and especially in RDX-
complexes, perhaps also w-m stacking (see structural schematic S5f in Supplementary information).
Sterically problematic here is the intermolecular interaction of BTATZ with the angularly shaped
BCHMX molecule. It can be clearly seen that the PXRD diffractograms show the polymorphic changes
in the crystal lattices of nitramines after they are entering in the BTATZ crystal lattice (specifically, the
transition of beta-HMX to its alpha-isomer, which may be associated here with the largest change in
the N-N bond and C-H stretching in its BTATZ coagglomerates). All these intra/intermolecular

interactions help to stabilize the newly formed nitramine/BTATZ crystal lattice.
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Figure 3.5.7 A comparison impact sensitivity, expressed as a drop (fall) energy for 50 % probability
of initiation, with the characteristics of IR spectroscopy:

a) with the Raman N-N bond stretching vibration;
b) with the FTIR C-H bond stretching;

Regarding the mentioned N-N bonds, they are well known to be a triggering element in the initiation
of nitramines [25, 26]; in this context, we found an interesting relationship between their stretching
vibration and the impact sensitivity of the studied nitramines and their composites, which is shown in
Figure 3.5.7. Given the definitional relationship between the oscillation frequency and the bond force
constant (i.e., roughly the force of a given bond) [29], the relationship in this figure for the negative
slope dependence is contrary to expectation, with the composites in question, however, being more

impact resistant than their pure nitramine coformers.

On this contrary could perhaps be expanded the findings of Li et al. [30], who linked the known
discrepancy between the performance and stability of EMs to a property of crystal packing, specifically
interspecies interactions, could be expanded upon in relation to this discrepancy; here, the issue is the

initiation reactivity, which is nevertheless closely linked to stability [27]. A straight line in Figure 3.5.7
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with a positive slope is as expected in earlier results, i.e., it decreases in impact sensitivity as the N-N

bond force constant increases.

Here, however, attention should be paid to the established idea that the reactivity of energetic materials
should increase with increasing bond length of the nitro group to its carrier (carbon, nitrogen, or oxygen
atom), i.e., with decreasing force constant of this bond [31]. However, a simple comparison of the
lengths of the longest N-N bonds of nitramines with their impact sensitivity showed that this is far from
being as simple as it might seem [32]; some discrepancies, that fall under the previously mentioned
findings of Li et al. [30].
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Figure 3.5.8 A comparison of the crystal density and FTIR C-H bond stretching of the studied
nitramines and their CACs.

A similar vibrational dependence of the C-H bond stretching (Figure 3.5.7b) could perhaps indicate the
intensity of the involvement of individual nitramine molecules in intermolecular interactions with
BTATZ. This is mainly related to intermolecular hydrogen bonds (HB), which are usually found in low-
energy and shock-insensitive molecules [31, 32]. From this perspective, then, the solid straight line in
Figure 3.5.7b should correspond to the dominant interaction via hydrogen bonds in crystals (BTATZ
has in its molecule two acidic hydrogen atoms). For CACs with HMX and especially RDX, a different
kind of interaction, such as n-n-staking and wan der Waals forces, might dominate, which is related to
the spatial similarity of HMX and especially RDX molecules with the spatial conformation of the
tetrazine unit of BTATZ.

The sterically crowded molecules and their CACs, except for CL20/BTATZ-2 with higher BTATZ
abundance, have their relationship for HB interaction in Figure 3.5.7b (this should come into

consideration precisely because of the spatial conformation of CL20 and BCHMX.

The interactions utilizing the HBs have an effect on the packing coefficient, i.e., they should also be
reflected in the crystal density [34], which is supported by Figure 3.5.8 (here, a decrease in the C-H

bond stretching should correspond to an increase in the intensity of the HB interactions). Figure 3.5.8,
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it can be seen that, except for the HMX coagglomerates, CACs of batches B2 have a higher density than
those of batches B1, and Table 3.5.6 and Figure 3.5.7a also have higher resistance against impact. There
should be a higher abundance of HBs in the CACs crystals of line A in Figure 3.5.6 compared to the
default CL210 and HMX. The HMX CAC B1 batch might have a perfect crystal lattice arrangement
with a lower proportion of the HB interaction compared to its batch B1. Line D represents the relation
for crowded nitramines with the observation that the effect of HB on intermolecular interactions in
coagglomerates of BCHMX should not differ from those in BCHMX itself. In RDX/BTATZ crystals,
the influence of HB on the intermolecular interaction should be the smallest from the studied CACs due
to certain spatial similarities of the s-tetrazine and s-triazocane skeletons, n-n-staking could dominate

in them.
3.5.3.4 The energetic point of view

A general property of EM is the energy content, which has a direct influence on the initiation reactivity
of these materials [6, 25, 26, 28, 33, 34]. This is only one aspect of the initiation of EMs; the other one

is a mode of transfer of the initiation pulse to the reaction center of the EMs molecule.

In the modern contributions to the theory of the detonation initiation, a number of authors are concerned
with the transfer of vibrational energy, i.e., the transformation of low-frequency crystal lattice vibrations
(acoustic phonons) upon impact or shock action on EMs to high-frequency vibrations (vibrons) with
subsequent spontaneous localization of vibrational energy in explosophore groups [25, 35, 36].

In this context, it is interesting to verify of whether there is any relation between the FTIR characteristics
of the nitramine composites (i.e., explosive carriers) to the energy contents (heat of combustion and
enthalpy of formation [26, 33, 34]), however, also to the energy outputs (energy or heat of explosion
[6, 33, 34] ) of the studied samples. These aspects with highlighted mutual comparisons are shown in
Figure 3.5.7.

The relationship between N-N bond stretching vibrations and voluminous detonation energy in Figure
3.5.7ais directly proportional (increasing values of the bond force constants of these bonds corresponds
to a performance increase studovanych EMs). The division into a group of pure nitramines and a group
of their composites is logical; the spatial similarity of the RDX molecule to the BTATZ tetrazine unit

causes the data for this nitramine to be placed close to the line for the composites.
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Figure 3.5.9 A comparison of energetic characteristic of the studied nitramines and their composites
with their spectroscopic data:

a)

(performance);

b)

content);

Relationship between the N-N bond stretching vibrations and voluminous detonation energy
Mutual comparison of the FTIR C-H stretching vibrations with heat of combustion (energy

Mutual comparison of the symmetric N-O stretching vibrations with enthalpy of formation

(energy content), data for BTATZ might correspond to N-C vibration. Inserted is there a graphic
mutual comparison of the difference between symmetrical N-O stretching vibrations of CACs
and pure nitramines with valence angles-CH.-N-CH.-, which correspond to the longest N-N
bond;

d)

(performance);

Mutual comparison of the ring deformation vibrations with voluminous detonation energy

A similar trend can be seen in Figure 3.5.9b, where the FTIR vibration of C-H in stretching is compared

with the heat of combustion (an increasing value of the C-H coupling force constant corresponds to a

decrease in the heat of combustion or to the raising in enthalpy of formation or performance). The

splitting of the EMs studied here into a group containing RDX and HMX and a group containing

nitramines with crowded molecules is logical. In the former group, n-n-stacking is likely to be involved

in the intermolecular interaction of the coformers with the possibility of the hydrogen intermolecular

bonds, mainly in the case of HMX. The dominant intermolecular interaction via hydrogen bonds could

be in the case of coagglomerates with BCHMX and especially CL20 contents.
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According to Figure 3.5.9c, presenting the relation of symmetric N-O stretching vibrations to the
enthalpies of formation, the group of EMs studied is divided into three subgroups (coagglomerates
CL20, then BCHMX and HMX and separately RDX). In all cases, increasing values of the enthalpy
formation correspond to an increase in the N-O bond force constant. In view of the reported results of
the study by Li et al. (interspecies interactions) [30], it is interesting to compare the differences of these
N-O symmetryc stretching vibrations (values for CACs minus those of pure nitramines) with the
magnitudes of the —CH,—N—CH,— valence angles corresponding to the longest N-N bonds in pure
nitramines - the order of the nitramines, the lengths of the longest N-N bonds, and their corresponding
valence angles are given below: BCHMX (1.412 A, 109.9° [7]), RDX (1.409 A, 115.0° [39]), a-HMX
(1.366 A, 119.6° [21]), B-HMX (1.371 A, 122.9° [40]) and separately B-CL20 (1.433 A, 108.7° [41]).
Mutual comparison mentioned differences and valence angles see on inserted graphic comparison in
Figure 3.5.9c: this demonstrates how changes in the conformation of molecules after entry into

coagglomerates contribute to their energetics and their performance.

In the case of the intercomparison of ring deformation vibration and voluminous energy of detonation
(Figure 3.5.9d), the studied EMs are divided into the RDX and HMX groups, the group containing
crowded molecules and the one of pure starting nitramines. In the first two groups, a decrease in the
values of these vibrations corresponds to an increased in the performation The opposite is the case for
the pure nitramines, similar to Figures 3.5.9a and 3.5.9a. In the context of a run of the dependences for
pure starting nitramines in Figures 3.5.9a, 3.5.7a and 3.5.9d, it is worth mentioning here an exception
to Licht's rule (original paper [42]), what is a decrease in sensitivity with increasing performance [6,
26] (or energy content [35]) of these nitramines, which is still not explained [6, 26]. The facts in Figures
3.5.8 and 3.5.9 are consistent with the idea, as mentioned earlier, of EM initiation by the transfer of
kinetic energy of impact or shock to the reaction center of the molecule via low-frequency acoustic

phonon vibrations subsequently transformed into vibrons [26, 36].

3.5.3.5 Impact Sensitivity

This was tentatively discussed in the case of Figure 3.5.9, where, in particular, Figure 3.5.9b allows one
to consider the nature of the intermolecular interactions in the crystals of the CACs and nitramines
studied, on which impact sensitivity largely depends. The well-known semilogarithmic dependence
between this sensitivity and bulk detonation energy is as expected in the case of the studied nitramines.
Again, the exception to Licht's rule for pure nitramines is seen here (see in [6, 26]). In addition to the
mentioned intermolecular interactions, the large and insensitive molecule BTATZ should also act as the
nitramines phlegmatizer; according to the impact sensitivity data in Table 3.5.6, this should be mainly

true for nitramines with crowded molecules (CL20 and BCHMX).
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Figure 3.5.10 The semilogarithmic relation between impact sensitivity and voluminal energy of
detonation.

3.5.3.6 Detonation parameters

For assessment of the influence of BTATZ on the detonation parameters of the corresponding CACs,
Figure 3.5.11 presents the well-known relation between detonation velocity, D, and loading density
(here, the maximum values of crystal density) [43]. According to Figure 3.5.11, the group of nitramines
and their CACs are divided into three subgroups. Interestingly, these are the pure starting nitramines
and, both the CACs of HMX/BTATZ (group A); both HMX/BTATZ should have higher D values than
a-HMX. The remaining CACs are the next group except CL20/BTATZ-2 (group B). Well, the last is
group C. This Figure also confirms that CL20 is present in its f-form in the corresponding CACs. Figure
3.5.11 also shows the previously mentioned fact that the coagglomerates of batches B1 have lower
crystal densities than the products of batches B2, which is very important from the point of view of

performance-prepared CACs.
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Figure 3.5.11 Relationship between detonation velocity, D, and maximal crystal density of the studied
nitramines and their CACs.

A synoptic summary of the results of the sensitivity study and the explosive characteristics of the

composites and nitramine composites. The CACs with the best application characteristics are a-
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HMX/BTATZ-2 (with sample code 12), which has a higher detonation velocity and significantly higher
impact resistance than a-HMX alone and slightly exceeds B-HMX in detonation energy.

3.5.4 Summary

Co-precipitates (CP) of 3,6-bis(1H-1,2,3,4-tetrazol-5-ylamino)-s-tetrazine (BTATZ) with cyclic
nitramines RDX, p-HMX, BCHMX and e-CL-20, prepared by solvent/antisolvent technique, were
subsequently coagglomerated (slurry cocrystallization) mainly in chloroform parallelly in batches with
a linear stirrer (- B1) and a cross stirrer (+ B2); the B2 approach yielding better crystal morphology,
quality of surface and higher density. The resulting coagglomerates (CACs) logically exhibit slightly
reduced thermal stability compared to pure nitramines, with the exception of the RDX CACs, which
decompose in the liquid state from the beginning. Thorough CACs characterization of CACs using
Powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR) and Raman showed
that the sandwich structure of the BTATZ crystal is optimal for entry into its lattice of RDX molecules
(the best spatial compatibility), slightly less optimal of the HMX one, difficult for the angularly shaped
BCHMX molecule, and more difficult entry for the globular CL20 molecule. This spatial compatibility
of coformers is then related to the mutual representation of species and the intensity of intermolecular
interactions (mainly n-w stacking and hydrogen bonding) in the resulting CACs, which also influences
their impact sensitivity and crystal density. This all follows on newfound relationships between N-N
bond stretching vibrations, FTIR C-H bond stretching in CACs on the one hand, and their impact
sensitivity, crystal density, voluminous detonation energy (Q.p), the heat of combustion and enthalpy
of formation, on the other. Also, a relationship between the ring deformation vibrations and the Q.p
values, together with the relations described above for the N-N and C-H bonds stretching, corresponds
to the idea of initiation of the energetic materials by the transfer of kinetic energy of a shock or impact
to the reaction center of the molecule via low-frequency acoustic phonon vibrations subsequently

transformed into vibrons and then localized in explosophore groupings.
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Chapter 4 Applications of CACs

Applications
of CACs
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4.1 Application of HMX/BCHMX CACs in composite rocket propellant
4.1.1 Background

Currently, the most popular type of solid rocket propellant is a mixture of metallic fuel which has been
powdered and finely divided inorganic oxidizer contained in an elastomeric binder. The work aims to
develop a low-sensitivity, high-energy oxidizer for solid rocket propellants with increased energy. It
has to be affordable and simple to produce, and it should enhance the characteristics and energy content
of the rocket propellants. The ammonium perchlorate in the typically standard formulations for solid
propellants can be replaced with the new oxidizer.

In the past, HMX was employed in double base propellant window bombs with different percentages
of 20 to 60%. Because it contained more carbonaceous material than AP/CMDB, it burned very slowly
[1]. Additionally, RDX replacement of 10-30% in AP-based propellant was tested, and the results
showed a good effect in enhancing burn rate with smaller particle size [2]. These efforts persisted in
advancing additional crucial propellant ignition performance factors in line with technology demands
[3]. Subsequently, RDX was used in substitute of HMX in LOVA-gun propellant, which proved to be
more resistant to impact and other mechanical characteristics while also boosting ignition temperature
[4]. Researchers found the HMX more attractive, the deeper researchers came out. Influences of particle
size of HMX studied; At low pressure, burning rates declined with particle diameter, while at high
pressure they barely changed. HMX concentration, particle diameter, and pressure dominated particle
size effects assessment [5]. In later years, research concentrated more on the sensitivity and energetic
performance of cocrystals, which led to their usage as propellant. When crystal CL20/HMX (2:1) was
introduced to polyether solid rocket propellant, the influence on the breakdown behavior was examined.
It was discovered that this resulted in improved mechanical and thermal properties, although the

qualities were still similar to their physical mixture [6].

In the same way, HNTO/AN cocrystal was also used and proven to be a possible oxidizer for composite
propellant [7]. An efficient metal oxide burn rate modifier can prevent intercalated HMX, which was
found to have a high energy content and a decreased burn rate in another investigation on the propellants
performance as a function of particle morphology [8]. CL-20 is a chemical with a high explosive
potential that is more suited for low-signature rocket and gun propellant applications than HMX.
However, because of polymorphic transition, impacts from the combustion surface, and weakens
agglomeration during the process, it occasionally appears to be incompatible with coagglomeration with
AP [9]. Recent study shown the HMX is more and more effective with reduced particle size[10].
Enhancing the combustion rate of solid propellants can be achieved with the use of ultrafine explosive

particles. Although research on crystals for use in propellants and explosives is still in its early stages,
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there may be future uses for them. Overall, the coagglomeration process produces crystals with smaller

particle sizes to meet all of these requirements [11-14].

According to a report by Sinditsky et al. on BCHMX combustion, it burns faster and exhibits superior
vacuum burning properties than HMX. Nitramines compounds having pyramidal nitro groups break
down more quickly than those having planar nitro groups. HMX has a higher surface burning
temperature than BCHMX, although having the same structural chemistry. Burning behavior of the
BCHMX molecule changes at 10 MPa due to substantial changes in the molecule's electrical properties
and crystal structure [15-17]. Technical solutions for the application of BCHMX in propellants are yet
to appear in the open literature. There is currently hardly a published technical solution for the use of
BCHMX in propellants.

The structural and molecular specificity of BCHMX, along with its related thermochemical properties,
make it particularly well-suited for the design of heterogeneous propellants that exhibit good
combustion characteristics even at sub atmospheric pressures, according to sporadic studies on the
combustion of BCHMX and mixtures containing it [18]. Also known fact that CL120 gunpowder
contains a mixture of BCHMX and RDX as the active component at a ratio of about 8 mol of RDX to
1 mol of BCHMX [19].

It turns out that BCHMX structural-molecular specificity [20, 21] and related thermochemical
properties [21] may make it especially well-suited for designing heterogeneous propellants that perform
well during combustion, even at sub atmospheric pressures. According to an initial attempt, the
RDX/BCHMX coagglomerate is marginally more effective than a mechanical mixture when added to
gunpowder. It appears that BCHMX is made in Russia and by the Swiss Nitrochemie Wimmis AG to
modify HMX rocket fuels. In this work, propellant batches were created, and their effects were
examined using HMX and its admixture with BCHMX at varying composition percentages (10, 20, and
30%).

4.1.2 Results
4.1.2.1 Powder X-ray diffraction

The undergone polymorphic changes in the CACs of HMX/BCHMX and their Physical mixture(Phy
Mix) analyzed employing the PXRD technique. The obtained intense 26 values peaks were shown in
Table 4.1.1 incoparision with the pure NMs and diaffractogrms in Figure 4.1.1. Both coformers shown
the polymorphic stability after undergoing coagglomeration, with HMX tranfered into a to B
polymorphic state after interaction with the BCHMX whereas in physical mixture it remains same. It
indicates there will interaction between he both coformers in the form of weak hydrogen and von der

waals kinds of interactions, which further caused changes in the polymoprhic changes in HMX. Which
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leads to cocrystls formation during the coagglomeration process. The coagglomeration further
influenced in morphological chages obtained uniform sized crystals, which further analyzed employing
FESEM and particle size analysis.
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Figure 4.1.1 PXRD diffractogram of pure HMX, BCHMX, physical mixture and CACs

Table 4.1.1 PXRD data for pure nitramines and CACs

Sr No Code design. 20 values for intense peaks / °
1 BCHMX 9.74, 12.65, 23.57
2 B-HMX 14.61, 16.31, 24.45, 25.07, 32.31
3 3-HMX 13.10, 17.02, 24.34
4 HMX/BCHMX Phy Mix 14.86, 16.18, 20.6, 23.08, 27.36, 29.80, 31.98
5 HMX/BCHMX CACs 14.86, 16.54, 20.52, 24.66, 25.30, 29.92, 32.48

4.1.2.2 Fourier transformation infra-red spectroscopy (FTIR)

FTIR spectral analysis was carried out to understand intermolecular stretching vibrations occurred
during coagglomeration for instrumental details see Chapter 2 section 2.2.2 and for spectra Figure
4.1.2a. To differentiate the Phy Mix and CACs, intermolecular interactions between both nitramine
coformers analyzed using FTIR and Raman spectral studies. The FTIR studies shown interesting results
which are summarized in Table 4.1.2 and FTIR spectrums in. From the obtained FTIR spectrum it is
optimum enough to identify the intermolecular changes in the CACs with respect to Phy Mix and pure
NMs.
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Table 4.1.2 Summarized results of FTIR measurements

Assignments BCHMX HMX HMX/BCHMX  HMX/BCHMX

Phy Mix CACs
O-N-O-H-- structural bond 3031 3671 - 3054
C-H stretching 3019 3052 3036 3049
Symmetrical N-O stretching 1218 1240 1237, 1261 1210, 1248
Asymmetrical N-O stretching 1562 1539 1527 1534, 1656
C-N stretching [Amino
774 733,763 751, 772 763, 739, 713
group]
C-N stretching [Nitro group] 1326 1315 1347 1369, 1392
) ) 1086, 1138, 1087, 1108,
Skeletal stretching [Ring] 1137; 1084 1207, 1087
1200 114, 1210
Symmetric -NO; Stretching 1273 1209 1270, 1240, 1237, 1261 1248, 1257
. . 1603, 1554, 1534, 1603,
Asymmetric -NO; Stretching 1539 1527, 1602
1526 1656

4.1.2.3 Raman spectroscopy

Raman spectral measurements for CACs and Phy Mix of HM and BCHMX were measured, obtained
results summarized in the Table 4.1.3, and spectra Figure 4.1.2b & instrumental details in Chapter 2
section 2.2.3. Asymmetric stretching vibration at 1560 + 5 cm™ of ~ONO bond shows a shift in CACs.
Likewise, a symmetric starching of —-NO, bond at 1215 + 50 cm™ also showed observable shifts.

a) ] ——CACs b) 7
Phy Mix ]
BCHMX E
T — HMX 4
N -
> ]
o | 2 4
2 g
2 ] € —— CACs
51 ] Phy Mix
? g y
g ] g HMX
g 1 —— BCHMX
T T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™) Wavenumber (cm™)

Figure 4.1.2 a) FTIR spectra of Physical mixture, CACs, HMX and BCHMX; b) Raman spectra of
Physical mixture, CACs, HMX and BCHMX

Similarly, followed by O—N-O deformation vibration at 832, and 850 cm™ also showed Impactful
shifts. In addition, there are also clearly observable in —C—H bending, —C-H, -N-H and N-N bond
stretching bands with redshift and other stretching vibrations, as shown in Table 4.1.3. These shifts are
relatively differentiable from the Phy Mix. It indicates that both coformers actively involved in

intermolecular interactions.
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Table 4.1.3 Summarized results of Raman measurements

Assignments BCHMX HMX HMX/BCHMX HMX/BCHMX

Phy Mix CACs
—CHjy stretching vibration 3020 3037 3037 3037
C—H stretching vibration 2992 2992 2992 2992, 2970
2932 - 2932 -
A.sym.metrlc —NO, stretching 1606 B 1606 1607
vibration
1557 1568 1567 1564
—C_:—H _and —CH; deformation 1299 1315, 1270 1309, 1265, 1320
vibration 1248
Symmetric —-NO; stretching 1273, 1264, 1217, 1260,
vibration 1240 1248, 1266 1214, 1265 1282
Asymmetric C-H stretching 15, 4167 1189 1191, 1167 1167
vibration
N-N stretching vibration 967, 1058 1079, 951 1058 947
C-C stretching vibration 1058 1083 1089
Ring stretching vibration 967 882 882 878
906 834 834 929
Ring deformation vibration 850 -- 849 848
906 - 906 878
—NO; deformation vibration - a a 848
- - - 760
. 775 760 774 752
~NO2Wagging 750 719 760, 750 715

4.1.2.4 Morphology and Particle size measurements

The morphological changes after coagglomeration and propellant samples analyzed to understand, their
surface morphology employing FESEM and Microscope (instrumental details see chapter 2 sections
2.2.6 & 2.2.8). The CACs crystal size and surface area were analyzed using particle size analysis. The
particle size analysis clears that coagglomeration enhanced the specific surface area, decrease in particle
sizes with uniform crystals. This enhancement in specific surface plays a very important role in
propellant coarses. To understand the effect of all three kinds of propellant with three different
concentrations; the propellant sample was prepared for FESEM and Microscope analysis by cutting into
3 mm cubes, the surface analyzed on corner, edge, and surface of these cubes to understand the
hetergeneous mixture arrangement in the propellant. FESEM images of CACs and Phy Mix are shown
in Figure 4.1.3a-d.

From both microscopic (Figure 4.1.4) and FESEM images; all propellant showed good distributions of
ingredients in HTPB polymer moiety. Nitramines shining crystals distributions are clearly seen
microscope images. There is Slight surface damage is visible in images due to cutting of samples into
cubes took extra care done with sharp cutting table knife, still it’s obvious in micro level they can be
seen. Comparing with all three sets in pure HMX propellant surface crystals distribution good, with

increasing amount there is not much effect on surface morphology slightly hardened (section 3.8
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hardness test), it might be due to the crystals arranged using polymer moiety with less gaps between
them with increasing the amount content (10 -30%). Similarly, in Phy Mix (P4 to P6) the two kinds of
crystals impressions can be seen clearly on propellant surface. Whereas in CACs the distributions are
more organized as compare both pure and Phy Mix, sample getting more quickly charged with electron
beam, images taken quickly. These distributions happened due to uniform particles size with enhanced
surface area after undergoing coagglomeration. In addition, this property of CACs uniform distribution
made more “perfect mesh” type structure which unable to enter needle of hardness test and behaves

“flexural rubbery” nature to impact and friction resistant of propellant (P7 to P9).

Table 4.1.4 Particle size measurements of CACs

Particle size analysis

Sr
Code design. Surface area Dv(50) Dv(90)
e (mi/kg) DVIOM M WM
1 HMX/BCHMX Phy Mix 780.8 3.19 27.6 90.9
2 HMX/BCHMX CACs 904.3 2.70 21.3 97.9
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Figure 4.1.3 FESEM micrographs a & b) CACs and ¢ & d) Phy Mix and images of propellant coarse
cubes (P1 to P9) 200x with insert 300x at three different faces of propellant cubes.

Figure 4.1.4 Microscopic images of propellant coarse

4.1.2.5 Thermal Analysis

The thermal stability and effect of three types of propellant thermal decomposition studied employing
DTA analysis (instrumental details see Chapter 2 section 2.2.9). The obtained thermograms shown in
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shown in Figure 4.1.5 and characteristic changes summarized in Table 4.1.5. The key active ingredients
of the propellant were analyzed first to understand their effect as part of the composite propellant

constituents.

All kinds of propellants shown decomposition between the decomposition temperature of BCHMX and
HMX except P1 and P4. Similarly, the nitramine content decreases in the decomposition temperature
observed. It is also observed in the manual decomposition temperature observations also (section 3.6
and Table 4.1.6) The first kind (P1-P3) of propellant which includes energy content enhancer with pure
HMX, in 10 % concentration not shown any synergic effect on the propellant decomposition, whereas
the increase in the concentration to 20 and 30 % it shown more effective. Undergone decomposition at

one time.

Table 4.1.5 Summarized data from DTA thermograms of coformers and co-crystals with their visible
melting points

1 0
Melting point /°C Peaks of changes in DTA record / °C

Sample [Ref] (phase modifications)

' endothermic exothermic
BCHMX 286 Decompn [14] 144 224
HMX NA 190 (a.— d) 272
Ammonium perchlorate NA 250 325*, 465
HMX/BCHMX Phy Mix NA 172 232
HMX/BCHMX CACs NA NA 230
P1 NA NA 240%*, 271*, 343
P2 NA NA 237
P3 NA NA 235
P4 NA NA 264
P5 NA NA 225
P6 NA NA 220
P7 NA NA 228
P8 NA NA 225
P9 NA NA 217

Note: ¥) Decomposition temperatures of all samples measured by peters apparatus at room temperature
(20.1 °C) by visual observation of fire formation; *Minor exothermic peaks

4.1.2.6 Ignition/ Decomposition temperature

The ignition temperatures of all samples measured by peters apparatus at room temperature (20.1 C)
observed results shown in Table 4.1.6 (for instrumental details see chapter 2 section 2.2.16).
Decomposition temperature varied with the percentage of nitramines content; variation is shown not
much difference relatively closer (5 C). In the propellant samples with pure HMX compared with the
physical mixture and CACs, CACs have shown a slightly higher decomposition temperature(x0.5 — 1
C). However, in comparison with pure HMX, both the physical mixture and CACs have shown
relatively bigger difference (£10 C), it due to the addition of BCHMX, which undergoes decomposition
around 224 C.
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Figure 4.1.5 Differential thermal thermograms of pure HMX, pure BCHMX, their physical mixture,
their CACs, and propellant batches (P1 to P9) in comparison with ammonium perchlorate

4.1.2.7 Vacuum stability test STABIL

A modernized Czech vacuum stability test (STABIL 16-E STABIL VI apparatus instrumental details
shown in Chapter 2 section 2.2.18). The output of the isothermal measurement is both the time
dependence and the final volume of gaseous products after 40 hours of exposure at 120 °C in both these
approaches. In the first case, the lines were obtained by linearizing each curve for an isothermal
exposure of 60 - 360 min, the data of which are given in Table 4.1.8; the slopes of these lines, K,
correspond to the reaction rate of evolution of gaseous products in a zero-order reaction [22-24] - this

k values thus represents a specific rate constant (here the values of k are in kPa g*min?).

4.1.2.8 Dynamic mechanical analysis (DMA-TQ)

The glass transition temperature, Ty, is a phenomenon of amorphous polymers. At this temperature,
polymers undergo a transition from glassy to rubbery state. It is an important feature of polymer
behavior. This information is often used for quality control, predicting product performance, and
informing processing conditions or heat history. For our purposes in this work, TA's Dynamic
Mechanical Analyzer, for instrumental details see Chapter 2 section 2.2.19 and the obtained results are
mentioned in Table 4.1.6.
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4.1.2.9 Hardness Test

After curing the propellant samples, hardness is measured, and the mean of six trials at the different
surface spots has been considered for the hardiness of the sample; observed results are shown in Table
4.1.6 and for instrumental details see Chapter 2 section 2.2.15. In all samples, the insertion of nitramines
has increased the hardness of the propellant samples. The pure HMX made the propellant softer
compared to the physical mixture of HMX/BCHMX and their CACs.

4.1.2.10 Friction and Impact sensitivities

To understand the response to external mechanical stimuli of propellant samples - friction and impact
sensitivity tests have been carried out(for instrumental details for instrumental details see Chapter 2
section 2.2.12 & 2.2.14). The observed results are shown in Table 4.1.6. As observed in the hardness
test, the property further influenced the friction sensitivity test.

Table 4.1.6 Properties of propellant samples

Sample Hardness selr?;?c?\fitt Friction DMA Ty Ignition
codes [°ShA] y sensitivity [N] [°C] temperature [C]
Dsox [J]

P1 32.45 17.15 160 -78,5 239.9
P2 32.95 17.15 160 77,75 239.4
P3 36.56 14.70 120 -78,35 234.6*
P4 34.65 12.25 120 -78,65 223.6
P5 35.65 9.80 120 -78,30 218.9
P6 37.30 9.80 80 -78,65 221.6*
P7 43.05 17.15 160 -78,25 224.9
P8 46.25 14.70 160 -78,65 219.8
P9 47.17 12.25 120 -78,20 221.4*

Note: *burnt with intense propulsion flame

Both samples with pure HMX and CACs are shown the same. Whereas the physical mixture showed a

higher impact sensitivity, it may be due to the irregular particle size initiating friction.

4.1.2.11 Thermodynamic performance calculation

Thermodynamic performance calculations were applied with the ICT thermodynamic code and data
base developed by Volk and Bathelt [26, 27]. The calculated parameters for an expansion ratio of 70:1
for the studied formulations is compiled in Table 4.1.8 together with the calculated reaction products at
nozzle. For combustion calorimetry instrumental & Thermodynamic code details Chapter 2 section
2.2.10&2.3.3.
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4.1.2.12 Burn rate measurements

The samples were in the shape of rectangular blocks with a thickness ranging between 5.5 and 7.5 mm.
The weight of the used samples was in the range of 12—15 g. The thickness measurement deviation is
no more than 0.1 mm. The sides of the samples were wrapped with three layers of textile tape as
insulation to ensure burning on only two sides. The uneven surface of the cured propellant sample was
cut away to achieve a flat surface. The propellant sample was ignited using 1.5 g of black powder and
loosely poured onto the sample. A minimum of two shots were performed for the measurement of each
composition. The pressure exponent was determined for a pressure range of 4.5 — 14 MPa using ABSW

software. The burning rates were evaluated over a pressure range of 4 — 14 MPa.

Table 4.1.7 Input characteristics of the propellant components required for calculation

AHsom Density Oxygen balance Molecular
(kJ mole™) (gcm?®) (%) weight
Ammonium Perchlorate -295.77 1.95 34.04 117.4891
Iron oxide -824.25 5.24 10.02 159.6922
HMX 84.01 1.901 -21.61 296.1551
Physical Mixture-PM (8 HMX:1 BCHMX 107.59 1.881" 21.10 296.055
wt. parts)
CACs (8 HMX:1 BCHMX wt. parts)” 108.10 1.817** -21.10 296.055
Dioctyl adipate (DOA) -1215.03 0.925 -263.37 370.5665
Dimethyl diisocyanate (DDI) -872.79 0.872 -298.81 588.9905
HTPB -52.58 0.93 -311.28 140.3973
Aluminum 0.0 2.702 -88.95 26.9815

Note: * hypothetical formula CAC is C4.01H777Ns.000s.00
**) experimental value from this chapter
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Table 4.1.8 Results of thermodynamic performance calculation of the studied propellants

Properties P1 ) P3 P4 P5 P6 p7 P8 P9
- _1 _ _ _ _ = R = = =
Heat of formation (kJ kg) -1567.62 -1287.51 -1007.4 -1559.63 127153 983.43 155063 127153 983.43
Oxygen balance (%) 4453 5009  -55.66  -44.47 -49.97 -5548 -44.47 -49.97 -55.48
Density (g cm®) 1.751 1748 1745 1749 1743 1738 1749 1743 1738
Specific impulse (s) 263.7 260.7 2584 2637 2611 2586 2637 2611 258.6
Heat of explosion (Jg!)  6488.2  6577.6  6667.2 64956 6502.6 6689.8 64956 6592.6 6689.8
Heat of explosion (cal g¥) ~ 1550.7 15721 15935 15525 15757 15989 15525 15757 1598.9
; 1
Heatofexplosion (J™)  son) & o464 65516 63602 64718 65747 63602 64718 65747
(water gaseous)
; 1
Heatofexplosion (cal %) 0 ) 15431 15659 15023 15468 15714 15223 15468 15714

(water gas.)

4.1.3 Discussions
4.1.3.1 Co-agglomeration

The uniform sized microcrystals CACs of HMX/BCHMX obtained employing coagglomeration method.
Usually, the surface area enhancements take place after undergoing coagglomeration [28, 29].
Coagglomeration feasible also for sterically crowed molecules, to get energy safety balanced CACs [28].
Its further confirmed with properties of physical mixture of both EMs. Found that the CACs are established
uniform sized, well distributed, with softened edges microcrystals as compared to physical mixture. The
intense stirring during coagglomeration is responsible for these key changes in CACs. CACs further
analyzed particles size(see Table 4.1.4) and for morphological changes FESEM analysis. The CACs
showed an increase in surface area and interesting morphological changes. FESEM images clearly

observable the porous crystals of raw HMX disappeared after coagglomeration.

4.1.3.2 Differential thermal analysis (DTA)

The active interactions between both EMs further influenced their thermal properties. The CACs and their
physical mixture comparison showed that the CACs undergo one step clear decomposition. Both physical
mixture (PM) and CACs have exothermic peaks somewhat shifted to higher temperatures compared to the
same of the pure BCHMX, but the decomposition peak of HMX in PM is lower placed than that of this

pure nitramine. This behavior of CACs in particular is consistent with the results of spectral monitoring of
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these mixed crystals (Section 2.1.1.2), i.e., with the nature of the mutual intermolecular interactions of both
the conformers (see also in [12]). It is mainly visible in the third kind (P7-P9) where the CACs contributed
to more effective changes in decompositions around 218 + 10 °C for all three concentrations in contrast to
the rest of samples kinds (P1-P8).

For pure AP, an endothermic peak is observed at about 250 °C, which is assigned to the crystallographic
transition of AP from orthorhombic to cubic [29]. By further heating, AP underwent two complicated
decomposition stages [30], i.e., a low temperature stage at 329.3 °C and a high temperature stage at 435.5
°C, which are followed by two exothermic peaks. The mentioned changes of AP during heating are clearly

shown by Figure 4.1.5.

The synergistic effect of AP on the decomposition and combustion of HMX [31] is clearly evident in the
decomposition curve of the propellants P1 (with 10% HMX) and P4 (with 10% PM), which starts in the
temperature region of the polymorphic transition of AP and is folded from three exothermic peaks (see
Figure 4.1.5). At higher nitramine contents in the samples, and also in P7 with 10% CACSs, this effect no
longer appears. This also implies that AP should not have a more significant effect on the decomposition
of BCHMX. Both the HTPB/AP and HTPB/HMX thermal decompositions are divided into two stages with
some amount of carbon residue [32]. Compared with the HTPB/AP mixture, more HTPB and HMX take
part in this decomposition and hydrocarbons containing primary amine are produced. Considering these
changes, in the third kind (P7-P9) the CACs showed more effective changes in decompositions for all three
concentrations. It may be due to the intermolecular interactions between the HMX and BCHMX make them
bind each other in fact after going to several hours propellant mixture mixing and secondly their enhanced
surface area makes them uniform distribution in propellant coarse. Which makes the CACs thermal

behaviour propellant with CACs different than other two kinds of the propellant.

4.1.3.3 Ignition / Decomposition temperature

The initiation reactivity of EMs is related to their energy content, which can be represented by the enthalpy
of formation but also by the heat of combustion [24, 25, 34]. It should be noted that as the AP content of
the propellant decreases, the heat of combustion increases and thus the explosion temperature decreases
(see Table 4.1.6) and also that one from the characteristics of the initiation reactivity is ignition temperature;
this temperature should be related to the heat of combustion, which is presented by Figure 4.1.6; here line
P1-P2-P3 corresponds to expectation (increasing content of HMX leads to increased reactivity). This Figure
4.1.6 also shows that the admixture of BCHMX increased the thermal reactivity of samples containing PM
and CAC:s relatively significantly, especially in the case of samples P5 and P8, between which there is quite

a big difference in the Qc values. Also, the increasing Qc values of the samples in the order P3-P6-P9 (they
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contain of 30 % wt. nitramines) are related to problem of the precisely definition of thermodynamic state
of final products of combustion (mainly of amount of the chlorine acidic derivatives)[35], the composite of
which might perhaps influence by the effect of AP on the combustion of HMX and HTBP (see paper [32])
even in an oxygen atmosphere (in any case presence of BCHMX changes decomposition of these
propellants, as was already mentioned in section 4.3.1).
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Figure 4.1.6 Relationship between ignition temperature and heat of combustion of the studied propellants
4.1.3.4 Vacuum stability test

As shown in Table 4.1.9, the reproducibility of the selected approach to the VST application is not the best
in the PM 30% case, in comparison, for example, with the Russian Manometric Method (see [1, 2, 3]).
Table 4.1.9, obtained by other VST thermoanalytical methods, shows a decrease in specific rate constants
with the increase in nitramine content, except in the case of 30% of PM. In particular, the linearization of
the decomposition curves for propellants obtained these values. In pure HMX propellants, the lower specific
rate constant might be due to well crystal distribution over propellant coarse; similarly, in the case of CACs,
after coagglomeration, crystal sizes were unified and made well distributed. However, whereas PM might
be due to two kinds of crystal, different sizes of HMX and BCHMX are not well distributed, so the specific
rate constant is higher in all PM propellants (P4 to P6) [39]. It also shows that CACs are thermally behaving
like pure HMX as a single molecule, which means that there will be good interactions between the HMX

and BCHMX via intermolecular interactions.

4.1.3.5 Dynamic mechanical analysis (DMA-TQ)

From the results of the Ty values determination in Table 4.1.6, they appear to be essentially the same for all
propellant samples. However, if we considered the possible influence of the solid contents of the HTPB
matrix on the rheology of the respective mixtures and the already mentioned possible problem with the

precise definition of thermodynamic state of combustion products in the combustion calorimetry (see in
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4.3.2), then there could be a relationship between Tg values and heats of combustion, which is confirmed

by Figure 4.1.7.

Table 4.1.9 Results of the 6 hours vacuum stability test at 120 C

Equation of linearization

Sample Slope k intercept R?
(kPa gt min) (kPa)
PM 0.0010 0.3526 0.9605
0.0011 0.3373 0.9585
0.0006 0.2872 0.7556
CACs 0.0005 0.1301 0.9447
p1 0.0006 0.1556 0.9509
0.0005 0.1298 0.8918
P2 0.0002 0.4990 0.8850
0.0003 0.3309 0.8944
P3 0.0006 0.3849 0.9395
0.0005 0.1971 0.9675
P4 0.0011 0.5763 0.9868
0.0008 0.1748 0.9717
p5 0.0014 0.5011 0.9880
0.0010 0.3537 0.9694
PG 0.0009 0.3473 0.9748
0.0014 0.2944 0.9769
p7 0.0005 0.0149 0.9864
0.0002 0.6334 0.9672
P8 0.0011 0.9688 0.9885
0.0008 1.2734 0.9685
P9 0.0015 0.1646 0.9732
0.0010 0.3110 0.9820
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Explaining the dependencies in Figure 4.1.7 is also difficult because the specific surfaces of the AP and

other solid components are not known. However, a partial judgment can be made samples containing 10
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and 20% of HMX (P1 and P2) are not compatible in the sense of Figure 4.1.7. with the other two groups of
propellants produced by the dependencies found. In terms of the T values, samples P4 (10 % PM), P6 (30
% PM) and P8 (20 % CACs) seem to be the best.

4.1.3.6 Powder X-ray diffraction

The PXRD diffractograms (see Figure 4..1.1 and Table 4.1) indicate a new crystal phase, whereby HMX
is tranformed from a into B polymorphic state after interaction with the BCHMX whereas in physical
mixture it remains original a-HMX. It indicates there will interaction between both these coformers in
CAC:s by form of the weak hydrogen and van der Waals kinds of interactions. which further caused changes
the mentioned polymoprhic changes in HMX. This forms conditions for cocrystls formation during the co-

agglomeration process also with influence in morphological chages obtained uniform sized crystals.

4.1.3.7 Spectral Examination

The interaction between both coformers EMs was evaluated by employing spectral analysis; by Raman and
FTIR methods. Stretching and bending observations obtained by these studies clears the interactions
between them. All the listed stretching vibrations in Table 4.1.2 & 4.1.3; clarify that CACs are not the
physical mixture of both coformers, which purely present in the form of new crystal phase nature. Peak for
O-N-O-H-- structural bond was absence in the Phy Mix it clearly sharp enough in the CACs it indicates
presence of hydrogen bond kind weak interactions between both coformers in CACs. From PXRD results
its shown that HMX changed polymorphic transition from a to B, it is clearly visible here too. This cocrystal
nature of CACs was also identified from the PXRD peaks shifting, in which the PXRD diffractograms
indicate new crystal phase. Overall, considering all potential peak shifts, the FTIR spectrum shows there
are interactions between both coformers, totally different from Phy Mix which further indicates the

cocrystals.

From earlier studies — spectral observations key horse role identifies the cocrystal formation carried out by
comparing their longest N-N bond lengths and N-N bond stretching vibrations[11-14]. Considering the
BCHMX and HMX EMs earlier CACs interesting correlations. It is clearly observable that; this bond length
and stretching vibration differ from the pure EMs, also from the Phy Mix. Its showed the active
intermolecular interactions between both coformer EMs. These stretching vibrations further compared with
CACs mechanical properties like impact and friction initiations in which shown interesting logical
correlations. This relation is important because during the intuition of EMs, initially all the N-N bonds
harmonize [36-38].
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All these PXRD, FTIR, and Raman measurements were overlaid with all shifts and structural changes. The
structural orientations that developed throughout the co-agglomeration process. The creation of co-crystals
in CACs is further aided by these structural modifications, which greatly assisted coformers to CACs in
gaining a stable crystal lattice and also suggest that H-bonding, van der Waals forces of interactions, and -
stacking type of intermolecular forces interactions may have taken place.

4.1.3.8 Impact & Friction sensitivity, and Hardness test

Hardness studies of propellant coarse indicated that physical mixture hardness is not much varied compared
to pure HMX, it may be due to both particles BCHMX and HMX are distributed randomly in propellant
coarse. It also indicates the composition of HMX is more and more dependent on it rather than BCHMX.
Whereas the CACs distribution is ordered way, it is bound very tightly in the propellant coarse. Again, in
CAC:s propellants hardness does not stiffness; its closed and tightened arrangement were observed. The
propellant has a rubbery nature in both the physical mixture and CACs. However, the CACs with uniform
crystal shapes and structures make the propellant tightly organized coarse. Further studies of impact and
friction sensitivities of propellant coarse, CACs have shown friction sensitivity relatively close to pure
HMX. In friction sensitivity tests, CACs have shown better than the physical mixture. Coming to the impact
sensitivity test, a similar trend continues in samples with a physical mixture showing higher impact
sensitivity. The pure HMX physical mixture showed higher, possibly due to free BCHMX crystals. Whereas
in case CACs are less sensitive, it may be because uniform crystals are distributed uniformly ordered in

propellant coarse.

As can be seen from Table 4.1.6, the sensitivity to mechanical stimuli of the prepared propellants is mainly
influenced by the nature and amount of nitramines incorporated into them; while in the case of pure HMX
its content in the mixture does not contribute significantly to this sensitivity (with perhaps of exception of
30 % wt. content), the opposite is true for PM and CACs. PM has a negative effect on both sensitivities,
CACs only on the impact sensitivity. Unlike similar mixtures in paper [14], where the AP/HTPB propellant
matrix significantly increases the sensitivity of the mixed HMX and BCHMX, in our case this matrix acts

as a phlegmatizer.

From the point of view of safety in the production, handling, and storage of these propellants, it is quite
important to know the relationship between their sensitivity and performance, or rather energy content. This
relationship is experimentally mostly based on Licht's rule [42]: increasing the explosive strength is usually
accompanied by an increase in the sensitivity and therefore an insensitive explosive will not exhibit top
explosive strength [24, 25, 34, 39].
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Figure 4.1.8 Relationship between heat of combustion vs a) impact & b) friction sensitivities of the
studied propellants

However, there are exceptions to Licht's rule, which, like the rule itself [42], have not yet been scientifically
explained [24, 25, 34]. These include the dependencies in Figures 4.6 and 4.7, where the hazard of each
sample is related to the increasing nitramine content of the mixture, while the heat of explosion in this sense
decreases (see Table 4.1.6). The steeper dependency in Figure 4.1.8 associates samples with content of 10%
nitramine and one with 20% PM (P5) the second one associates samples with 20% and 30% nitramine. The
data for P6 (30 % of nitramine) do not correlate with either line, the heterogeneity of PM negatively affected
its impact sensitivity (influence of the hot spots). In a similar sense, the study samples were divided on the
basis of their sensitivity to friction, only the variance of the values of these sensitivities is larger, which is

understandable in this case for heterogeneous mixtures.

4.1.3.9 Outputs of Thermodynamic performance calculation

Thermodynamic performance calculations were applied with the ICT thermodynamic code and data base
developed by Volk and Bathelt [26, 27]. The calculated parameters for an expansion ratio of 70:1 for the
studied formulations is compiled in Table 4.1.8 together with the calculated reaction products at nozzle.

For combustion calorimetry instrumental & Thermodynamic code details Chapter 2 section 2.2.10 & 2.3.3.

4.1.3.10 Outputs of Burn rate measurements

The specification of a propellant; the burning characteristic of a particular composition depends only on the
chamber pressure and the beginning temperature of the propellant. For rocket motors, the form known as

Saint-Robert's or Veille's law is chosen, since combustion pressures rarely reach 2000 psia (13.8 MPa) [43].
r = aP™ (P<2000 psia)......... (1)

Where, a - is a constant dependent upon the propellant and the initial temperature, P- pressure and n - is

pressure exponent.
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High pressure exponent means that n is higher than 0.6 and standard motors pressure exponent lower than
1 [44].

In general, a reduced burning rate may lead to a slower burning process and a lower flame temperature. The
linear burning rate is the rate, r, at which the burning surface recedes along the normal to the surface [45].
in present study considered 4-14 MPa (see Figure 4.1.9). The burning rate was calculated using just the
linear section of the burn. At this pressure, deconsolidated burning was seen, which would account for the
faster burning rate. Furthermore, Table 4.1.10 displays the Saint Robert's law burning rate fit parameters
with 95% confidence ranges for each of the study's materials reported in literature with current CACs

propellant for comparisons [46].

Chemical equilibrium calculations in literature indicate that although the burning rate behavior was
expected, it is most likely not the result of an increase in the internal flame temperature. On the other hand,
PLIF analysis of the same structure of these materials showed that the burning rate behavior can be
explained by a modification in the chemical kinetics. The burning rate increases as the reaction zone gets
closer to the surface because more heat flux is transported into the condensed phase material. This was
demonstrated clearly by the fact that the materials with higher burning rates also had CN zones closer to
the surface [46].

Earlier studies showed insertion of cocrystals in solid rocket propellant coarse. Burning rate data of each
material were compared to those of the coformers described in the literature. HMX/CL-20 cocrystal and
physical mixture burning rate compared to pure HMX and CL-20. [5, 9, 10, 11]. The burning rate of the
HMX/CL-20 mixture and cocrystal was similar to that of CL-20, notwithstanding the difference in burning
rates between the two. The TNT/CL-20 cocrystal burned between its coformers, but the HMX/CL-20
cocrystal and CL-20/HP solvate burned like CL-20[46]. Present study it clear that the CACs compared to
pure HMX higher burning rates. Moderately larger and uniform particles are typically preferred over nano
or submicron explosive particles due to their low critical diameter, high burning rate, and detonation rate
[47]. When it comes to increasing the rate at which solid propellants burn, ultrafine explosive particles have

an advantage over bigger ones [7, 8] which is well achieved in case of CACs.
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Table 4.1.10 The burning rate of CACs propellants with comparison earlier literature reported works 95%
confidence bounds for each fit parameter are also given. The fit parameters from the literature were either

directly reported or calculated reported [5, 9, 10, 11]

Pressure range

Pressure

Burning rate

Sr No. Compound Amount (%) (Mpa) exponant - n (mm/sec) REF
AN/Crown ether AN-
1 Benzo-18-crown-6 (B18C6) 0.2 0.50 to 7.00 0.62 0.59 [45]
2 HMX/CL-20 CC NA 0.69-13.80 0.782 2.35 [46]
3 HMX/CL-20 PM NA 0.69-13.80 0.771 2.1 [46]
4 TNT/CL-20 CC NA 0.69-13.80 0.767 1.25 [46]
5 TNT/CL-20 PM NA 0.69-13.00 0.955 1.44 [46]
6 CL-20/HP Solvate NA 1.38t06.89 0.774 2.26 [46]
7 HMX/AP Composite NA 0.69 to 13.80 0.668 1.68 [46]
8 HMX/AP Coarse PM NA 0.69 to 13.80 0.697 1.38 [46]
9 HMX/AP Fine PM NA 0.69 to 13.80 0.642 1.83 [46]
10 TNT NA 3.4510 13.80 0.803 0.4 [46]
11 HMX, Atwood et al. NA 0.69 to 10.30 0.816 1.14 [46]
12 HMX, Sinditskii et al NA 0.2t010.00 0.81 1.19 [46]
13 CL 20, Atwood et al. NA 0.69 to 10.30 0.744 2.21 [46]
14 CL 20, Yang et al. NA 3.00 to 9.00 0.846 25.1 [46]
15 TNT, Kondrikov et al. NA 5.00 to 58.00 0.422 0.49 [46]
AN (28-68) AN
28 AP JAN CCs (28) AP 1.00 t0 7.00 (O'i%tgsg'm 5.00 to 6.00 53]
(constant) -
29 HMX 55 to 80% 0.40 to 10.00 0.50 - 0.90 0.50 to 7.00 [5]
30 FOX7/RDX-BUNENA - 1 Foéég’ (tg)so) 0.5-14 NIL NIL [54]
31 FOX7/RDX-BUNENA - 2 FOé(S)EB(;%)BO) 05-14 0.86 5.44 [54]
32 FOX7/RDX-BUNENA - 3 FOX7 (20) RDX 0.5-14 93 5.4 [54]
(10 to 30)

33 DB Matrix/RDX (88/22) 0.5-14 NA 8.610 10.6 [54]
34 DB Matrix/RDX/Al (85/12/3) 0.5-14 NA 9.21010.7 [54]
35 DB Matrix/RDX/AP/ZrSiOs (80/12/6/2) 0.5-14 NA 9.8t011.5 [54]
36 DB Matrix/RDX/AP/AI (79/12/6/3) 0.5-14 NA 10.4t0 12.5 [54]
37 DB Matrix/RDX/AP (79/12/9) 0.5-14 NA 10.4to 11.7 [54]
38 HMX 10-30 4.00 to 14.00 0.6-0.9 4.50 - 8.00 [55]
39 BCHMX 10-30 4.00 to 14.00 0.65-0.8 4.50 - 8.00 [55]
40 P1 10 4.00 to 14.00 0.45 6.65 [CW]
41 P2 20 4.00 to 14.00 0.5 6.73 [CW]
42 P3 30 4.00 to 14.00 0.55 6.81 [CW]
43 P4 10 4.00 to 14.00 0.51 7.77 [CW]
44 P5 20 4.00 to 14.00 0.52 7.35 [CW]
45 P6 30 4.00 to 14.00 0.56 6.78 [CW]
46 P7 10 4.00 to 14.00 0.53 8.09 [CW]
47 P8 20 4.00 to 14.00 0.5 9.07 [CW]
48 P9 30 4.00 to 14.00 0.53 7.64 [CW]

Note; CW-Results of current work; Sr No. 38 to 48 considered burn rates at standard pressure 6.89 MPa at
range 4-14 MPa

Also, true that according to [46], particle size significantly affects the burning rate of physical combinations,

with coarser mixtures burning slower than finer ones. Which might also be a major factor in the CACs.

Similarly, study showed CL-20/HP solvate burned at a rate similar to Atwood et al.[52] with two differences
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[46]. A cocrystal or physical mixture burning rate is not an average of the coformers. Pressure affected each
materials burning rate. Higher flame temperatures were projected to accelerate burning. This finding
matched these materials burning rate characteristics. Changes in resulting flame structure significantly
impact burning rate. Although the ne physical mixture burned at a similar pace to the physical mixture
crystals, it may burn faster at lower pressures; these observations overlays with earlier finding [46]. These
studies also showed, All HMX/AP compounds burned faster than HMX or AP alone, and particle size
affected burning rate. The cocrystal and physical composition of TNT/CL-20 burned at a rate between CL-
20 and TNT, unlike HMX/CL-20. CL-20 predominated in these materials because its physical mixture and
cocrystal burning rates were similar [46]. Similarly in the present study, the cocrystals burning rate resulted
in a significantly different pressure exponent (n) than the physical combination. The physical mixtures
burning rate also dependence on pressure may be segmented by pressure. Collecting data at this pressure
skews the pattern of burning rate. Except at low pressures, reported CL-20/HP solvate burned similarly to
CL-20 [46].
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Figure 4.1.9 Burning rate measurements of the HMX, HMX/BC Phy Mix and HMX/BCHMX CACs
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The results showed that the performance of coformers does not predict the performance of the final mixture
or cocrystal. Varying the structure drastically impacts the burning rate. This may be owing to TNT's poor
oxygen balance and the significant difference in burning rates between TNT and CL-20. However, the
physical combination and TNT/CL-20 cocrystal burned below CL-20 between coformers [46].

Present study(as shown burning rate curves Figure 4.1.9), all the three concentrations varied the burning
rates where 30% shown drop, it also clears 20% of insertion of the nitramine content might be optimum.
However, 20% of CACs shown higher burning rate compared to both pure HMX and physical mixture. As
per earlier observation about the cocrystals and their physical mixture influence on burn rate seen that
dependent on particle size, as earlier discussed CACs shown better particle size (see section 4.1.2.4) and
surface morphology in propellant coarse. It further helped uniform distribution/burning flame in CACs
surface compared to physical mixture and pure HMX. As a matter of fact, CACs during coagglomeration
attained the uniform particle size and surface, it makes them spread over the propellant coarse. Also, study
reveals the addition of BCHMX and its influence on propellant performance, it can be seen that BCHMX
increased burn rate both physical mixture and CACs compared to pure HMX.

Present study shown better burning rates compared earlier studies and same time also it not possible to
comparison with earlier literature when it comes to burn rate because burning rates depend on so many

factors, however in current propellant composition CACs shown overall better performance.

4.1.3.11 Some important correlations

Basically, these are the relationships of thermochemical parameters to the reactivity characteristics of the
investigated samples of propellant, here specifically heat of combustion and enthalpy of formation, on the
one hand, and rate constants of zero order thermal decomposition (specific rate constant), impact sensitivity

and burning rate, on the other.

The logarithmic relationship between impact sensitivity and specific rate constants has already been
described [53] and logically presents an increase in impact sensitivity with increasing values of this
constant; in our case, this relationship is represented by Figure 4.1.10: here, physical mixtures (PM) have a
negative effect on the impact sensitivity also incorporated in the propellant (see mainly line B), but
increasing the CAC content in the propellant has a similar logically effect - although the latter case is not

very significant.
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Figure 4.1.10 Mutual logarithmic comparison of the impact sensitivity and the specific rate constant of
thermal decomposition of the propellant.

As with other energetic materials, an increase in the energy content of the propellant corresponds to an
increase in its initiation reactivity, as already shown in Figures 4.7 and 4.9 and now also in Figure 4.1.11b.
Here while crystalline CAC is more resistant to this decomposition compared to the physical mixture of
crystals, its incorporation into propellant increases its activity (with exception of sample P7), which is most
pronounced for sample P9. In the case of Fig. 10a this is only the case for samples group A, the small
change in the enthalpy of formation for group B has a significant effect on the burning rate and for the
remaining groups D and C the change in burning is not so significant. The composition of Group B samples

thus provides the most suitable thermochemical parameters for propellant burning
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corresponds to Series 3 with 30 % of nitramines and line A is a hybrid one. It is very logical relationship.

b) Semi-logarithmic dependence of the specific rate constants of thermal decomposition and heat of

combustion;

The correlation between the characteristics of the reactivities, here impact sensitivity and burning rate, is

presented in Figure 4.1.12. For a line with a negative slope, it seems logical that both the sensitivity and

burning rate increase with increasing HMX content in the propellant. The relationship for propellants with

a mixture of nitramines fundamentally differs from the former - in the field of explosives this would be

reminiscent Licht's rule.
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Figure 4.1.12 Relationship between impact sensitivity and propellant burning rate: here, with the
exception of Series 1 for the other ones, an increase in burn rate corresponds to a decrease in impact

sensitivity.
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Figure 4.1.13 significantly separates the samples with both 30% pure HMX and 30% PM (Group C) from
the other samples studied. The composition of group B is identical to that of the same group in Figure
4.1.14, so in both cases the hardness of the propellant could play certain role; but otherwise, the slope of
this line is logical - decreasing ignition temperature corresponds to the increasing burning rate.
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Figure 4.1.13 Semilogarithmic relationship between burning rate and decomposition temperature (more
complicated comparing with Fig. 4.6)

The semilogarithmic relationship between burning rate and hardness of propellant in Fig. 4.14 is very
interesting. It documents the disadvantage of using a mechanical mixture of nitramines (PM) (with
increasing amounts of PM, the hardness of the propellant increases, but the burn rate decreases). A 30%

nitramines content is also disadvantageous; 10 and 20% CACs are suitable for further development of the

problem (a number of samples around P8 have already proven to be the most advantageous in Fig. 10a).
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Figure 4.1.14 Semilogarithmic relationship between burning rate and hardness of propellant.
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4.1.3.12 Relation between combustion and propulsion characteristics

The correlation of burn rate and specific impulse in Figure 4.1.15 shows both the known decrease in impulse
with the degree of AP nitramine replacement and the significantly positive effect of CAC on burn rate. This
comparison looks like a linear dependence, but for hybrid rocket propulsion it has a polynomial shape [57]
- the authors of the cited paper cite as the novelty of their study the formulation of this polynomial
relationship between combustion and propulsion characteristics because there was no correlation between
them. They stated that although their relationship cannot be used extensively, it can be used as a conditional

equation [57].
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Figure 4.1.15 Mutual comparisons of burning rate and specific impulse

4.2 A test of the initiation efficiency of CL20/BCHMX CACs

The detailed characterizations and properties of these CACs see chapter 3.2. After seeing their interesting

properties, they employed as additives in detonator and detailed performance study as follows.

4.2.1 Detonators

The impact sensitivity of lead azide, used in detonators, is between 1.37 and 1.96 J according to paper[58]
(unrealistic values up to 4 J are given in the handbook [41]). This sensitivity is comparable with that of
mainly in CACs S4LZ (1.2 J) while the sensitivity of S4LV (4.5 J) with the value in the handbook [41].
The samples S4LZ, S4LV and S5LV were tested for initiation efficiency by the detonator manufacturer,
Austin Detonator in Vsetin, in accordance with the Public Notice of the Czech Mining Authority [60] (see

the experimental setup in Figure 4.2.1).
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Figure 4.2.1 a) An experimental setup for testing the initiation efficiency of CACs in detonators and b) a
cross-sectional view of a detonator

300 mg S4LZ 300 mg S4LV

o

R Ny RN, L

300 mg S4LV four trials

Figure 4.2.2 The initiation efficiency determination of detonators with CACs as primers results of two
tests for each weighed amount - the lead plates pictures.

At such high weights, the pressure in the closed fuse system greatly increased because of the combustion
gases. In most cases, the pressure thus made the fuse rupture, and no remnants of the detonated PETN were
found. Figure 4.2.1 shows the measurement setup and the result of two tests with an amount of S4LZ from
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50 to 300 mg sample weight: in neither of these two tests, the initiation of the secondary charge of the
detonator occurred with a charge. In all cases, the aluminium tubes were ruptured, and PETN residues were
found; the lead plates were not punctured effectively.

None of the three CACs tested exhibited acceleration capabilities in the given detonator design (7.5-mm-
diameter Al shell NE620-301-8, with 2 x 0.36 g pentaerythritol tetranitrate — PETN as a secondary filler).
For the best-performing and most sensitive sample S4LZ, the loading was gradually upgraded from 50 to
300 mg, whereas the compacting pressure for the explosives was left at 60 kg / pin. The other two samples,

S4LV and S5LV, were then tested for initiation potency only at the maximum shot of 300 mg.

4.2.2 A possible practical application of CL-20/BCHMX co-crystals

¢-CL-20 and BCHMX have proved to be ideal propellant components. Despite a significant problem with
the morphological instability of &-CL-20 [44, 45], its application is already fairly well studied in this area
[63]. Based on the data in, B-CL-20, present in the prepared CACs/CCs, seems to be morphologically stable
in these mixed crystals. The burning of BCHMX and mixtures with its content has been the subject of
several publications (for example papers [15-17, 47]; however, the application of BCHMX is still needed
to explore in this area). Nevertheless, the structural and molecular specificities of BCHMX and its
associated thermochemical characteristics [21] have been shown to be particularly suitable for the design
of heterogeneous propellants with good combustion characteristics even under sub-atmospheric pressures
[65], for example in the sense of CL-20/HMX co-crystals [66]. And indeed, as indicated by the mentioned
literature [21, 48, 49] and unpublished data on military technology, this BCHMX nitramine is very
important for application in propellants (see, for example, the ECL120 gunpowder from Nitrochemie

Wimmis AG), which is also confirmed by our preliminary results from this area[19].

4.3 Intra-ballistic analysis of RDX/BCHMX CACs in the nitrocellulose
gunpowder

The RDX/BCHMX CACs (at CETVYK, s. r. 0. CZ » 0.5 Kg batch) prepared and characterized during
Mirek license study the final results summarized Section 2.6.3.
4.3.2 Grain geometry analysis

Internal ballistics deals with the movement of the projectile in the gun barrel due to the pressure of the
powder gases produced by the combustion of the ammunition. The course of the shot is quite complex.
Therefore, we observe only the basic chemical and physical phenomena occurring during the shot, e.g., the

increment of the amount of gases and the change of their state, the balance of energy, the movement of the
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projectile, etc. The fundamental one is the ignition of powder gases, which is assumed to ignite all grains
over the entire surface at one time, which is a simplifying assumption and more complex in a real situation.

The intensity of the ignition can affect the combustion of the powder mass in the charge.

4.3.3 Analysis of the samples

The prepared samples are further subjected to a basic check of safety, quality, and performance parameters.
The powder mass sensitivity was determined in the same manner as the KP RDX and BCHMX sensitivity,
instrument details see Chapter 2. The results of the drop sensitivity and friction sensitivity tests are shown
in Table 4.3.1.

Table 4.3.1 Thermochemical properties of gun powder grain samples

Fm.:t.lo.n Impéct[ Heat 9f Water  Volatiles
Samples sensitivity Sensitivity explosion [%] [9%]
[N] [J] [kJ.kg™]
S00 160 2 3903 1,15 0,80
S10.1 RDX 160 3 4234 1,45 0,31
5102 RDX/B.CHMX Phy 160 3 4178 1,45 0,41
Mix
S10.3 RDX/BCHMX
CACs 160 3 4224 1,15 0,22

The heat of explosion of the individual samples determined (Table 4.3.1). It is very interesting that the
values of the heat of explosion, which almost correlate with the theoretical values, are not affected by the
by BCHMX. On the contrary, a decrease of less than 2% is evident for sample S10.2 compared to sample
S10.1 where only RDX is present. It is possible that the recrystallization process of RDX and BCHMX
affected the nature of the individual crystals, which had a positive effect on the result of the heat of
explosion of the propellant.

4.3.3 Basic ballistic properties of powder

The basic ballistic and safety properties of powder are verified in a ballistic bomb. This is a closed container
in which a certain amount of powder burns. This quantity is standardized for most measurements e.g.,
STANAG 4115 for a charge density of 0.2 g.cm™. The burning of the powder produces powder gases which
increase the pressure in the container. By increasing the pressure in the container, the combustion of a given
filling is accelerated. Based on the result of the measurement of the pressure waveform of the powder gases
of Figure 4.3.1, it is possible to determine the combustion process with respect to the geometry of the grain,
its surface treatment, and other characteristics. The combustion is characterized by the powder gas pressure

waveform p, the maximum pressure pm, the total powder gas pressure impulse I« and the derivative of the

227



powder gas pressure waveform in time d,. Also, the dynamic powder liveliness is determined, which reflects
the burn-off behaviour of the powder grain on the relative burned thickness and is determined on the basis

of the pressure increment dp, normalized by the maximum pressure pmax Figure 4.3.2.

—01. S00
02. 8101

—03. 810.2

—04. 5103

Figure 4.3.1 Pressure vs. time for samples S00, S10.1, S10.2 and S10.3.

The measured values also allowed the determination of other powder characteristics that are necessary for
the assessment of gunpowder performance. The measurements in the ballistic bomb determined the specific
energy of the powder f and the metalum of the powder o, which are important input values for the intra-
ballistic calculation. The values are given in Table 4.3.2 and compared with the measured heat of explosion
Q.. Comparing the values in the table it is clear that the powder with the largest f (force) value is sample
$10.3, in which CP RDX and BCHMX are mixed, so it is the sample with the largest potential.

Gama - P/Pm

e ' i —o—K1 (500 E2011718.gkz)
i s : : —o—K1 (510.1 E2011719.kz)
7K1 (510.2 E2011720.gkz)
+— K1 (510.3 E2011721.gkz)

[1/(MPa )]

0

Figure 4.3.2 Dynamic liveliness of S00, S10.1, S10.2 and S10.3 powders

This finding is very interesting as the coagglomeration process of RDX and BCHMX was not successful.

Nevertheless, this explosive processing probably had a positive effect on the specific energy of the powder.
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Table 4.3.2 Ballistic properties of gun powder grain samples

Samples P Ik dp f Q
[MPa] [kPa.s] [kPa.s] [MJ.kg] [kd.kg?]
S00 189.6 141.0 145.7 0.9914 3903
S10.1 197.1 139.6 170.8 0.9813 4234
S10.2 193.9 153.4 148.1 0.9943 4178
S10.3 198.0 124.0 178.5 1.0108 4224

For sample S10.1 it is clear that, on the contrary, the specific energy of powder has decreased to the lowest
value, probably due to the addition of RDX, although the heat of explosion is the highest for this sample.
Some works [67] mentioned this fact, that the addition of RDX or HMX can cause a decrease in the burning
rate and nitramine behaves in some cases as an inert component (due to the real burning regime of RDX).
The experiments in the mentioned work were performed at low pressures around 10-20 MPa, so it could be
assumed that at pressures common for ammunition, the burning of RDX would be in a better regime. Better
results can probably be achieved with higher concentrations of RDX in the ammunition (ECL powder). It
may be significant that, based on these results, it may be possible to influence the burning of RDX or HMX
in the powder mass by adding a small amount of BCHMX.

4.3.4 Intra-ballistic analysis of powder samples

With a comprehensive analysis of the powder grain and ballistic characteristics obtained from a ballistic
bomb, it is possible to proceed to an intra-ballistic calculation. By this simulation, it is possible to search
for pre-existing munitions that are suitable for the propellants in question by successive iterative
calculations. The algorithm of Prof. Kusak [68] was used for the intra-ballistic calculation. By specifying
the parameters and successively testing suitable ammunition assemblies, a 7.62x39 cartridge with 8 g bullet

as shown in Figure 4.3.3.

For this charge, several calculations were performed to compare the powder samples with each other under
different conditions, shown Table 4.3.3. All powder samples loading ® was adjusted so that the resulting
maximum pressures correlate with the operating pressure of this hub (350 MPa) and second trial (ii)
comparative study conducted different way, in which weight of powder samples kept constant all the
samples. However, the S10.3 burned 100% compared to other samples in both trials. In addition to the
maximum pressures, the table also gives the projectile velocity vg, which is essential information on the
effectiveness of the entire ballistic system. Another important figure is the percentage of powder charge
burned when the projectile leaves the barrel. This figure is also indicative of, for example, the economic

yield of the propellant
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Figure 4.3.3 Schematic Assembly of 7,62x39 cartridge with FMJ 8 g bullet.

Table 4.3.3 Intra-ballistic analysis of powder samples

Samples pm [MPa]

vi[m.s] o [g]

Percentage of Gunpowder

burned [%]

00 i) 351.7 733.0 1.678 96.9
ii) 229.3 654.3 1.506 87.0

S10.1 |) 351.9 723.5 1.603 96.8
ii) 264.8 673.1 1.506 90.4

S10.2 i) 351.1 738.7 1.727 89.8
ii) 201.8 632.8 1.506 77.6

$10.3 |) 351.4 753.8 1.506 100
ii) 351.4 753.8 1.506 100

Table 4.3.4 The courses of individual intra-ballistic quantities of for both variants(as per Table 4.3.3)
tests of powder mass in the 7.62x39 cartridge

o . ) ) . . Stellar &
Projectile Recommended weights / size Maximum weights / size Bellot
ello
. ) Weights .
FMJ8.0g Weightstaken Velocity V5 ak Velocity V5 Pressure No. 2907
aken
123 gr - -
In G(am EPS In Graln ms® EPS  Bar pS| Charge
grams  size grams  size length
S053 150 231 2345 162 25.0 765 2509 3490 50600 56,00
.00 mm
D063 150 231 2394 165 255 770 2526 3520 51100
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The courses of individual intra-ballistic further tested in for both powder mass trials in the 7.62x39
cartridge. In Table 4.3.4, which is extracted from the manual for LOVEX powder reloading of Explosia
Inc., the values for the 7.62x39 cartridge. For the calculation, the same bullet assembly with a total length
of 56 mm and a barrel length of 600 mm was used. The difference between the velocities according to the
intra-ballistic calculation and the value from the reloading manual is due to the different locations of bullet
velocity measurements. In the intra-ballistic calculation this is the value at the muzzle measured at 5 m
from the muzzle is shown in Table 4.3.4. The additional effect of the powder gases, which accelerated the
projectile, has already taken effect. It is clear, however, that the projectile has been flying inertia since the
end of the additional gas effect and therefore its velocity has been gradually decreasing. Therefore, the

velocity of the projectiles is slightly different.

4.4 Futuristic applications of remaining CACs of attractive nitramines

The remaining co-crystals can be used as replacement of their earlier purest forms applications apart from
that basis of their interesting current gained properties in cocrystallization, they can be employed in various

applications as follows;

4.4.1 DATB and TATB CAC:s:

These CACs are suitable for fillers in insensitive ammunition, especially the more selective ones are
HMX/TATB and RDX/TATB.

4.4.2 HNS and HNAB CACs:

These CACs are suitable for ammunition, secondary fillers of detonators for deep holes with perforation of

casting of metal pipes, especially the more suitable one is HMX/HNS.

4.4.3 PANi CACs:

These CACs are more suitable for secondary fillers of detonators charges and air bag initiators. Overall,
more suitable for which application required impact insensitive and same time required to have spark

sensitivity like electrical detonators and pyrotechnic goods mainly for spacecrafts.

4.4.4 BTATZ CACs:

The cyclic nitramines CACs with nitrogen rich BTATZ as a coformer are exergonic and could provide
energy for self-propagating reactions for spacecrafts, making them ideal combination for propulsion

applications, also ammunition and special charges.
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4.5 Summary
4.5.1 HMX/BCHMX CACs in composite rocket propellant

Coagglomerated crystals (CACs) of and Physical mixture (PM) HMX/BCHMX were prepared, thoroughly
characterized. The pure HMX (P1-P3) and these both [PM (P4-P6) & CACs (P7-P9)] are employed in
composite rocket propellant separately (P1-P3; P4-P6 & P7-P9) at different proportions (10 — 30%). The
experimental results obtained from PXRD, FTIR, Raman, and DTA analyses provide compelling evidence
of robust intra- and intermolecular interactions between the coformers in the CACs. These findings
unequivocally demonstrate the formation of cocrystals. In order to assess the impact of CACs on the
properties of propellant particles, a comprehensive characterization was conducted. The results revealed
significant enhancements in the performance of propellant particles when CACs were incorporated. The
examination of morphology and particle size indicates that CACs exhibit consistent sizes, well-distributed
characteristics, and possess microcrystal edges that have undergone softening. This results in a
homogeneous distribution over the propellant coarse, which is compared to a physical mixture. The location
of these particles has a significant impact on thermal characterization. Specifically, in the third category
(P7-P9), the carbonaceous aerosol composites (CACs) exhibited more pronounced variations in
decomposition for all three concentrations. In the thermal decomposition test, it was shown that both CACs
and PM exhibited higher reactivity compared to batches containing pure HMX. This can be attributed to
the reduction in ammonium perchlorate (AP) content and the greater reactivity of the binder-cured HMX
with BCHMX. Moreover, the response of prepared propellants to mechanical stimuli is mostly determined
by the composition and concentration of nitramines present inside them. The sensitivity of the combination
is not significantly affected by the amount of pure HMX, with the exception of when it reaches a weight
percentage of 30%. However, the sensitivity is influenced by the presence of PM and CACs. The use of
CACs exclusively influences the sensitivity to impact, but the application of PM has a dual effect by
negatively impacting both sensitivity to impact and another factor. The correlation between the sensitivity
of these propellants and their performance, as well as their energy content, plays a pivotal role in ensuring
safety during their manufacturing, handling, and storage processes. The experimental correlation is
predominantly grounded on Licht's rule[42]. The measurement of burn rates has been conducted, revealing
conflicting findings. Subsequently, we proceeded to verify and adjust the instrument, ultimately identifying
instrumental errors. Consequently, we have chosen to exclude these errors from the present analysis. Upon
careful evaluation of the many enhancements in propellant composition, it is evident that the CACs exhibit

superior qualities compared to the other two categories.
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45.2 CL20/BCHMX CACs in detonators

In the same way, the utilization of sensitive CACs is used in detonators. In order to assess their capacity for
commencement. The utilization of the most sensitive CACs (1.2 J) as a detonator primer in this particular
detonator design did not demonstrate the necessary acceleration capabilities. However, a thorough
examination of existing literature reveals that co-crystals containing CACs and co-crystals of this nature
possess potential benefits for usage in propellants due to the morphological stability of p-CL-20 within

these co-mixed crystals.

4.5.3 RDX/BCHMX CACs in gun powder

The earlier results of this work showed that the use of nitramines in ammunition is of legitimate interest.
By nitramines can be qualitatively substituted for nitroglycerin in some binary powders. For example,
sample S10.3 can be tentatively compared with the measured results in Table 4.3.4 for the two-component
powder D063 of the same charge and barrel length. The measured values on the samples also show that the
use of only 10% of the amount of RDX as an additive in the propellant does not lead to an increase in
specific energy of the powder with respect to plain nitrocellulose. For comparison, the calculation of the
theoretically achievable projectile velocity and powder gas pressure was used, according to the intra-
ballistic model of Prof. Kusak [2, 3] based on data from measurements made in a ballistic bomb.

A comparison of the calculated characteristics of samples SO0 and S10.1 is given in Table 4.3.4. In S10.1,
although a smaller weighting of 0.075 g is used due to the consolidation of pressure to the same level, where
not only the pressure but also the percentage of the burnt charge are approximately the same, the value of
the projectile velocity is lower by 10 m.s* in sample S10.1. This means that the addition of RDX alone in
this amount does not show any benefit on the propellant performance. On the contrary, it proved to be
counterproductive. A likely explanation is the burning process of RDX particles during the powder
function. Better results could be achieved by a higher concentration of RDX in the powder, such as in ECI

powders, or by a suitable combustion moderator.

The computational model suggests that the aforementioned RDX deficiency in the powder mass can be
corrected by adding 2 % BCHMX. This very small addition of BCHMX not only compensated for the
decrease in values, but also slightly increased them, despite the fact that a larger weighting is used, and a
smaller amount of powder mass is burned at the shot than in samples S00 and S10.1. The values of sample
S10.2 are shown in Table 4.3.3 & 4.3.4. If the entire amount of powder in the barrel is not burned at the
shot, it can be assumed that a more significant flash-off occurs in front of the barrel due to the afterburning

of some grains. This phenomenon is almost unacceptable in military ammunition.
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Sample S10.3 can be best evaluated, where the same amount of RDX and BCHMX is present as in sample
S10.2, but the nitramines here have undergone a technological procedure for the formation of coprecipitates.
Although it has been shown that the KP preparation process has not been completely successful,
nevertheless the results of the calculation of achievable values of the projectile velocity and powder gas
pressure in the 7.62x39 cartridge assembly of this propellant are the best.

Thus, it can be stated with a certain degree of uncertainty that cis-1,3,4,6-tetranitrooctahydro[4,5-
d]imidazole (BCHMX) has an unquestionable positive effect on the combustion of a powder mass
containing RDX even in a relatively small two per cent quantity. It would also be useful to demonstrate
whether this powder is stable at other operating temperatures and whether the ballistic values of the
ammunition are significantly affected by these temperature fluctuations. It is also necessary to validate the

results of the theoretical calculations for the 7.62x39 mm cartridge with real bullet assemblies.

4.5.4 Applications Remaining CACs

The individual coformers chosen for preparation of CACs of attractive nitramines, the futuristic
applications are addressed basis of their interesting characteristic thermochemical and energetic properties.
Especially, PANi and BTATZ CACs are ideal combinations space craft carrier separate loads and initiating
next stage by PANi CACs. PANi CACs are better as initiators and BTATZ CACs as main propulsion part.
Also, PANi CACs can be used as catapulting charges with combination of other CACs as main charges i.e.,
application of electromagnetic launch technology in the field of missile.
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5. Conclusion

Current research thesis entitled “Achieving cocrystals of the attractive nitramines via coagglomeration”.
We made our best efforts fulfilling the current requirements of energy-safety contradiction. On the bases
known fact proclivity of nanoparticles of some nitramines to agglomerate - mainly 1,3,5-trinitro-1,3,5-
triazinane (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX). Chosen attractive nitramines(NMs) for
the study viz., ¢-2,4,6,8,10,12-hexanitro-2,4,6,8,10,12- hexaazaisowurtzitane (e-CL-20), cis-1,3,4,6-
tetranitrooctahydroimidazo-[4,5-d]imidazole (BCHMX or bicyclo-HMX), B-1,3,5,7-tetranitro-1,3,5,7-
tetrazocane (B-HMX), and 1,3,5- trinitro-1,3,5-triazinane (RDX), successfully modified their properties
works are published in esteemed journals. The current paper summarizes the success of the journey and the
output of the coagglomeration process and obtained coagglomerated crystals properties discussed in brief
[1-7].

Most of the methods reported till today in modification properties of these NMs, still they have drawback
as well as their undeniable advantages, such as higher amounts of solvents, long preparation times for
cocrystals, quantitative limitations, or the impossibility of application to certain types of coformers (Scheme
5.1). In our approach, we made improvement of the known fact of easy agglomeration of nano- and micro-
particles of HEMs. The co-agglomeration is essentially co-crystallization in suspension (“slurry method”),
in our embodiment in an aprotic or protogenic solvent in which the coformers have low solubility. Process

involves the initial mixture of the coformers was obtained by precipitation from their common solution by

anti-solvent.
. 9
Ef s’ v Usually, micro crystals
=L
S =
Co
= S
B 5%
F\ 3:) preparation
(@) v" Low uniform crystals

Scheme 5.1 General importance coagglomeration method over traditional cocrystallization methods
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By this route we obtained co-agglomerated crystals (CACs) of the attractive nitramines CL20, HMX,
BCHMX and RDX not only with polynitroarenes and between nitramines with sterically hindered
molecules, i.e., CL20 and BCHMX, but also with electrically conducting polyaniline (PANi). Important
key findings are briefly listed below [1-7].

5.1 CACs of attractive nitramines with selective coformers

5.1.1 CAC:s of attractive nitramines with DATB and TATB

Both 1,3-diamino-2,4,6-trinitrobenzene (DATB) and 1,3,5-triamino-1,3,5-trinitro benzene (TATB) lead to
the formation of co-agglomerates (CACs) with the nitramines, in which HMX presents in its 6-form and
CL-20 in its B-form [1, 2]; the 3-HMX stabilization in these CACs is particularly interesting, since the
lifetime of this pure isomer is only 12 hours [8]. Whereas using DATB yielded CACs with a density of at
most 99 % of the theoretical density of the mixed crystal, the TATB CACs densities are higher than those
using the pure nitramines (including B-CL-20). The sensitivity is quite strongly reduced in the TATB CACs
(15 — 50 J) compared to their DATB analogues (4 — 12 J). Detonation parameters of CACs containing
DATB and TATB are logically lower than those of the starting nitramines. The detonation energies of these
mixed crystals are higher than would be expected from the respective percentage of the co-formers. The
most interesting of the CACs studied appears to be HMX/TATB (D = 9332 m.s) which in the formulation
used here, has a slightly increased density (p = 1.909 g.cm-3) with only slightly reduced detonation
parameters compared to pure HMX (p = 1.902 g.cm-3, D = 9404 m.s-1), while its impact resistance is
extremely high (50 J). This CACs, together with RDX/TATB co-agglomerate, could be suitable filler for

ammunition objects with high vulnerability resistance.

5.1.2 CACs of CL20 and BCHMX

The CACs of sterically crowded molecules CL20/BCHMX took long time efforts finally stabilized form
obtained [3], here most important things are used medium of co-agglomeration and the molar ratio of
coformers. This can yield a co-crystal with clearly lower impact sensitivity (14.9 J for the B-CL-20/BCHMX
molar ratio = 1.8) than that of pure e-CL-20 (13.2 J) and of pure BCHMX (3 J). The density of the studied
co-agglomerates (CACs) achieves 99.5 % of the theoretically calculated ones and the density of the
coformers at the molar ratios used reaches 99.6 % of the B-CL-20 crystal density. The CACs has shown
that CL-20 is present in them as its 3-modification; in one sample, obtained by classical co-crystallization,

have both a- and B-modifications.

The CACs studied have lower detonation energies than would be consistent with the percentage of

individual coformers in these crystals; this is a new finding, which does not correspond to the general view
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about the detonation parameters of explosive mixtures. The application of the most sensitive CACs (1.2 J)
as a detonator primer did not exhibit the required acceleration capabilities in the given detonator design.
However, a comparison with literature data shows that the CACs and CCs of this type could have
advantageous applications in propellants because -CL-20 is morphologically stable in these co-mixed
crystals.

5.1.3 CAC:s 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’-hexanitro- 2,2°,4,4°,6,6’- azobenzene (HNAB ) one. CACs containing HNAB
seem to be more perfect than CACs containing HNS [4]. However, impact sensitivity of the second
mentioned ones is generally lower; the dominant sample is HMX/HNS with the molar ratio of 1.00/0.11
and the impact sensitivity of 47 J. The study of the surface morphology of these crystals has shown their
microporous structure, which is not significantly reflected into their crystal density. These CACs probably
contain porous micro/nano crystalline clusters of HNS (for the pure HNS recently similar structure
described in [9]). Three other CACs (RDX/HNS, RDX/HNAB and BCHMX/HNAB) had higher impact
resistance than that exhibited by their original pure coformers. For CL20, however, the entry of HNS or
HNAB into its crystal lattice is destabilizing.

In these CACs the HMX is present in its 6-form, CL-20 in its B-form and the trans-HNS molecule changes
its conformation to cis-form. On the basis of FTIR and Raman spectral studies shown there are more intense
intermolecular interaction between HNS and nitramines (especially through the hydrogen bonds formed by
the hydrogen atoms of the -CH=CH- bridge) and in the case of 8-HMX also thanks to its spatial
compatibility with cis-HNS molecules. The most interesting CAC from those studied appears to be the
already-mentioned HMX/HNS with the molar ratio of 1.00/0.11 and the microporous structure of its
crystals, whose calculated detonation velocity is of 8.98 km.s™ for p = 1.8778 g.cm 3 (compare with 9.40
km.s™* for B- HMX). The combination of HMX and HNS molecules thus appears to be advantageous. The
CAC:s studied, with the exception of the ones containing CL-20, may be applied as secondary fillers of
special detonators and, after the verification of their pressability, also as fillers of various ammunition

objects.

5.1.4 CACs of attractive nitramines with PANi

After successfully preparing the CACs of the Energetic-Energetic molecules category, coagglomeration
extended to check feasibility of the method nonenergetic polymeric moiety with these attractive nitramines

[5]. Obtained results are interesting with polyaniline (PANI), which shown effective influence in these
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attractive nitramines. As usual the polymorphic changes observed exhibited a-HMX and B-CL20 after
interacting with polymer chain. These attractive nitramines formed a charge transfer complex with PANi
chain [10, 11], its interesting changes further confirmed by fluorescence quenching and quantum yield. In
crystalline form the PANi moiety coated on surface of the nitramines crystals which further leads to thermal,
mechanical/impact stability in corresponding CACs, however due to conductive nature PANi electric they
are spark sensitive. In all these nitramine complexes showed an increased sensitivity to electrical spark,
especially BCHMX/PAN:i of 23.2 mJ and a-HMX/PAN:i of 37.9 mJ. From the point of view of performance
in the studied nitramines is more interesting RDX/PANi complex (D = 8744 m.s) with a slightly increased
density (p = 1.8295 g.cm™®), slightly reduced calculated detonation parameters compared to pure RDX (p =
1.810 g.cm™, D = 9014 m.s1), with also a good impact resistance of 21 J. The most resistant against impact
is a-HMX/PANI (31.01 J), followed by remaining CACs. These PANi coagglomerates could be suitable

primary components for electrical initiators.

5.1.5 CAC:s of attractive nitramines with BTATz

Keeping in mind all previous successful CACs this time prepared CACs of selected attractive nitramines
with nitrogen rich BTATz, found quite interesting results. Also, in this work stirrer selection was optimized
by carrying coagglomeration with two kinds of shaped stirrers like “linear(-)” and “crossed ones(+)”. Its
interesting see that Crossed stirrer given predominant improvements in crystal quality, thermochemical as
well as detonation properties. The PXRD, FTIR and Raman studies confirmed, the new relationships were
found between N-N bond stretching vibrations, FTIR C-H bond stretching in CACs on the one hand, and
their impact sensitivity, crystal density, voluminous detonation energy (Q.p), heat of combustion and
enthalpy of formation on the other. These facts, together with the relation between the ring deformation
vibrations and the Q.p values, correspond to the idea about the method of the energetic materials initiation

by impact and shock.

The stabilization of HMX in the corresponding CACs as its a-modification, which is highly sensitive in the
pure state (1.9 J). The coagglomerate of a-HMX with BTATz, obtained by coagglomeration under mixing
by cross stirrer, was found to be the least sensitive (46 J) from the studied CACs and should have a
detonation energy slightly better than that of B-HMX (6097 against 5864 J.g*). Similarly, during the
coagglomeration process, the e-CL20 was converted to its B-modification in CL20/BTATZ. The cyclic
nitramines CACs with nitrogen-rich BTATZ as a coformer are exergonic and could provide energy for self-

propagating reactions, making them ideal combination for propulsion applications.
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5.2 Particle size and morphology of CACs

Particles size analysis of CACs shown the effect of co-agglomeration for attractive nitramines with
enhancements in their surface areas. For understand influence both co-precipitation and co-agglomeration
some samples particle analysis for co-precipitates also carried followed by final product CACs. Regarding
the size of the CACs determined size and specific surface area, especially for nitramines with sterically
crowded molecules, i.e., BCHMX and CL20, there is only a slight increase of its value during the
agglomeration process; the spatial compatibility of the angular molecule BCHMX and the globular one 3-
CL20 have to be logically quite limited [6].

i)

Figure 5.1 FESEM images with sample IDs top 3 highly impact insensitive left to right; A) HMX CACs,
B) CL20 CACs, C) BCHMX CACs and D) RDX CACs. (images regenerated from Ref. [1-5]). For sample
codes compositions shown in Chapter 2; Table 2.1 and their impact sensitivities results see respective
chapter 3 sub-sections.

The CACs of RDX and HMX co-agglomerate well, which is within expectations. Of the polynitroaromatic
coformers, co-agglomeration is most strongly suppressed by TATB, which is also logical (due to relatively
strong non-covalent bonds of the N-O---H-N type [1-7]). In terms of SEM-based crystal quality assessment,

the best CACs were B-CL20/BCHMX with a molar ratio of 1.8 components (also in terms of impact
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sensitivity) [3], followed by nitramine co-agglomerates with HNAB [4]. On the other hand, in the case of
a 0-HMX/HNS co-agglomerate with a molar ratio of 1.00/0.42, which is demonstrably microporous (see
Figs. 2a and 2b) without significant reflect into their crystal density [4]; these microporous structure are

caused by HNS crystal morphology [9].

5.3 Impact sensitivity

The well-known observation of Dr. Licht [12] that high performance explosives usually have high
sensitivity was developed over time into a semilogarithmic relationship [13] between impact sensitivity and
the energy content of explosives, represented by the enthalpy of formation which is presented by Figures

54&5.5.
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Figure 5.2 A comparative graphical representation of impact and electrical spark sensitivities(only in case
of PANi CACs) [1-7].

CACs of DATB and TATB: BCHMX/DATB (Cpl); BCHMX/DATB (Cp2); RDX/DATB (Cp3) ; o-
HMX/ DATB (Cp4); B-CL-20/DATB (Cp5); 5-HMX/TATB (32); BCHMX/TATB (33); B-CL-20/TATB
(34); RDX/TATB (35).

CACs of CL20/BCHMX: CCsl [0.60/1.00]; CCs2 [0.63/1.00]; S4 [1.10/1.00]; S5 [1.80/1.00]; S4LV
[1.53/1.00]; S4LZ [1.52/1.00]; S5LV [1.57/1.00].
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CACs of HNS and HNAB: 3 HMX/HNS; 6 HMX/HNS; 8 HMX/HNS; 17 RDX/HNS; 18 CL-20/HNS;
19 BCHMX/HNS; 20 RDX/HNAB; 21 BCHMX/HNAB; 22 CL-20/HNAB; 31 HMX/HNAB; 38
HMX/HNAB; & 39 CL-20/HNAB.

CACsof BTATz: 9) RDX/BTATz B1, 10) RDX/BTATz B2, 11) HMX/BTATz B1, 12) HMX/BTATz B2,
13) CL20/BTATz B1, 14) CL20/BTATz B2, 15) BCHMX/BTATz B1 and 16) BCHMX/BTATz B2
CACs of PANi: 57 CL20/ PANi, 58 HMX/PANI, 59 BCHMX/PANi and 60 RDX/PANI
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Figure 5.3 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 [1-7]).

It can be seen that the stabilizing effect of incorporating TATB into the HMX crystal lattice (32
HMX/TATB) can practically match with the same effect of HNS (8 HMX/HNS). In doing so, both types
of CACs, in terms of the FESEM image (Figure 5.1), give the impression of imperfect crystals. This
interesting effect is still waiting for explanation. It may be due to flexible crystal formation which are
resisting impact becoming pallet. The flow of dependencies in Figure 5.3 is consistent with Licht's rule,

except that there is a known, as yet unexplained exception for pure RDX, HMX and CL20 [14].

The importance of the molar ratio of coformers in CACs is best documented on the CL20/BCHMX
cocrystals (samples of CL20/BCHMX); the introduction of foreign molecules into the crystal lattice of
CL20 tends to destabilize this nitramine (except perhaps for TATB and DATB), but in the case of the
BCHMX coformer and for a molar ratio of 1.8/1.0, ECCs with surprisingly high resistance to impact can
be obtained (sample S5, it in comparison with impact sensitivity of e-CL20 and BCHMX).
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5.4 Explosive properties

Researchers in the field of energetic cocrystals do not mention the 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 [15].

The detonation energies were compared (Egeton) in the studies in this sense [1-7], which is summarized in
Figures 5.4, 5.5 & 5.6. Here, group A presents data of the brisant explosives (mostly CL20 and partly
BCHMX) with the smallest effect of the increase in Eqeton Values for the CACs, group B of co-agglomerates
of RDX and HMX with coformers, having larger increases in these values, and the largest ever such effect

is observed for group C with the PANi coformer.
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Figure 5.4 Detonation parameters of CACs with pure nitramines used for preparation [1-7] (For sample
codes details see caption Figure 5.2)

All dependencies seem to intersect in a common intersection formed by the data of CL20/BCHMX
nitramine CACs. For these nitraminic CACs alone, the effect of the mixture is opposite. Prof. Urbanski
stated that these increases in values by the increase in entropy of the components entering the mixture [15].
For the nitraminic CACs, explained the decrease in the Egewon Values for their CACs by the decrease in
entropy in the mixture of admittedly molecularly-structurally mutually different but chemically uniform

coformers [3].
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Figure 5.5 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 [16] using experimental enthalpies of formation (data taken from papers [1-7]).
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Figure 5.6 The mutual relationships between the calculated detonation velocity for the maximal crystal
density and this crystal density (data taken from papers [1-7]).

The well-known relationship between detonation velocities and charge densities of explosives is
presented in Figure 5.8. Here again, the set of CACs studied by us breaks down into group A of mostly pure
nitramines (highly brisant explosives), into groups B and C of RDX, BCHMX and HMX co-agglomerates
and into group C, formed by pure HNAB and HNS and also by CACs with CL20 content, in which
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coformers HNS, HNAB, PANi and DTAB significantly reduce the detonation rate. It is possible to see here,
that HMX/TATB (32 HMX/TATB) with high resistance against impact should have detonation velocity
near those of pure B-HMX. Another highly resistant against impact CAC, i. e. 3-HMX/cis-HNS (8
HMX/HNS) is close to pure RDX in this sense.

5.5 Feasibility of co-agglomeration method

As shown by our results so far [1-7], the introduction of polynitro compound molecules into the crystal
lattice of attractive nitramines usually leads to an increase in their initiation reactivity mainly for those with
crowded molecules, but this can be partially eliminated by selection of the molar ratio in the resulting CAC.
So far, the most effective "stabilizer" of these nitramines logically turns out to be TATB. Surprisingly, the
coformer cis-HNS has a similar effect on the stabilization of 5-HMX (here also the molar ratio of the
coformers plays a major role), where, moreover, the microporosity of cis-HNS in the final CACs shown
positive effect towards impact. From an explosives property point of view, the 8-HMX/TATB co-
agglomerate is the most advantageous, approaching pure -HMX in its performance. Similarly, the best co-

agglomerate 3-HMX/cis-HNS, which is, however, in its performance closed logically to pure RDX.

Preparation of co-crystals by co-agglomeration (by "slurry method" co-crystallization) appears to be
very interesting, giving products relatively high crystal density. It does not require initial coformers of
defined granulometry - it is possible to apply components directly from their production after isolation from
the reaction mixtures of their preparation and subsequent stabilization. Purification of coformers can take
place in solution as part of their co-precipitation. These preliminary results of ours also suggest that
chemical engineering factors are involved in the preparation of CACs, as in conventional crystallization.
With technical technological optimization this method is employable industrial scale cocrystal productions,

it’s also evaluated and shown in initial stage preparations (1 to 2 Kg) in next section 5.10.

5.6 Applications of CACs

All the prepared CACs shown interesting Energy — Safety balanced characteristics. To further evaluate their
application suitability three different types of applications we tried in current work. Along with this for
remaining CACs, based on their characteristic properties the futuristic application suitability proposed in
Chapter 4. Firstly HMX/BCHMX CACs (2 Kg) prepared in LRN-IPO, Poland; during ERASMUS+ visit
was employed in the composite rocket propellant found tremendous all properties propellant coarse. CACs
propellants (P7, P8 & P9) showed relatively good burning rates (7- 9 mm.s?) compared earlier studies,
especially propellant P8 with 20% CACs content showed highest burning rate (9.07 mm.s*) and propellant

composition of CACs shown overall better performance in morphologically and other thermochemical

251



properties. Overall, CACs shown more suitability than pure HMX and HMX/BCHMX compositions.
Secondly, CL20/BCHMX CACs higher sensitive one to electric spark were employed in the detonator
initiation ability analyzed and found not suitable. It implies that these are more suitable for insensitive
ammunition like propellant. In third application, RDX/BCHMX CACs (1 Kg) preparation transferred to
company CETVYK, s.r. 0. CZ; as license study and are employed gun propellant found improvements, as
compared to earlier traditional composition. Remaining CACs the futuristic applications are
recommendation basis of experience and obtained key characteristics of the CACs. So, overall, all CACs
shown more application suitability and coagglomeration method employable to industrial scale

preparations.

5.7 Concluding Remarks

The contributions of this dissertation are both new applications of proven spectroscopic methods and the
development of a new procedure for the preparation of cocrystals in the form of microparticles. The
prepared coagglomerates/co-crystals were characterized using instrumental analysis techniques, such as
PXRD, FTIR, and Raman spectroscopy; the results in all cases found results are fully consistent with the
current insights of the types of intermolecular interactions in crystals and relative changes in properties that
occur in these kinds of cocrystals. The discovery of significant correlations between the FTIR and Raman
outputs and the initiation reactivity characteristics are correlated to each other. The successful usage of XPS
(here binding energies) for coagglomerates/co-crystals of nitramines with crowded molecules and
fluorescence quenching (here relative quantum yields) for PANi nitramine complexes to explain the
initiation reactivity of coagglomerates is a completely new approach that has not yet been published in the

global literature on energetic materials.

Key findings on the cocrystals of interest are presented below [1-7] are listed below.

» This method is practically an innovated co-crystallization in suspension, generally classified in the
literature as the "Slurry method", which considerably reduces the processing time and decreases the
guantity of solvents compared to a solvent co-crystallization. It provides fine co-crystals of very good
quality [17, 18].

» Among the co-crystals of attractive cyclic nitramines with 1,3-diamino- and 1,3,5-triamino-2,4,6-
trinitrobenzene, the ones with 3-HMX are very interesting, with a surprising result for coformer TATB
with molar ratio 1.00/0.12 (1S = 50 J, calculated D = 9.3 kms™); however, TATB behaves here as an
anticaking additive [1, 2].

» 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), 8-HMX/cis-HNS with a molar ratio of 1.00/0.11 and IS =
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47 J (TNT has of 36.4 J) with calculated D = 8.9 kms™* 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 e-CL20 and BCHMX also resulted
in a surprisingly good f-CL20/BCHMX product with a molar ratio of 1.8/1.0, IS = 14.9 J and calculated
D =9.4 kms; also, here its impact resistance exceeds that one of both its coformers (mainly of BCHMX
with IS of 3 J) [3].

The molar ratio of the coformers and the choice of the continuous 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.

In all co-crystal types studied, HMX was specified in its -modification, CL20 in its B-modification
and HNS in its cis-conformation; it is the spatially similar orientation of the 6-HMX and cis-HNS
molecules that could be one of the reasons for the surprisingly low sensitivity of the 8-HMX/cis-HNS
co-crystal for the molar ratio of coformers 1.00/0.11.

The polyaniline (PANI) given a unique combination of CACs in which they are impact insensitive (+5
to 25 J) and electric spark (-100 to 150 mJ) and laser (29 mV with 10x/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 a-modification, which
is in its pure state extremely sensitive to impact (1.9 J).

BTATz CACs were prepared in two batch series using both linear and cross stirrers, with the cross
stirrer giving very good results. Overall improvements in thermochemical as well as morphological
properties are consistent. The impact insensitive (+5 to 45 J) with higher density. The highly insensitive
sensitive CACs (46 J) among the ones studied was the a-HMX(1.9 J) with BTATz, which was produced
by cross stirrer. It is expected to have a slightly better detonation energy than B-HMX (6097 against
5864 J.g1). Likewise, CL20/BTATZ converted the £-CL20 to its B-modification during the
coagglomeration process[19].

The very well-known phenomenon of higher detonation parameters of explosives mixtures compared
to their parameters, calculated on the basis of the percentage of components in the mixture, is valid for
co-crystals with DATB and TATB, for co-crystals containing cis-HNS and HNAB there is not such a
significant difference, and the opposite finding was found for cocrystals 3-CL20/BCHMX.
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