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Abstract 
 

Here cocrystallization, the formation of crystals containing two or more neutral 

molecular components in a defined ratio within a crystal lattice, is explored as a means to 

alter and improve the properties of energetic materials, including explosives, propellants 

and pyrotechnics.  To develop cocrystal engineering principles for energetic materials, 

model cocrystal systems between energetic and non-energetic materials were studied.  

Series of cocrystals were formed with 2,4,6-trinitrotoluene (TNT) and 1,3,5,7-tetranitro-

1,3,5,7-tetrazacyclooctane (HMX) to investigate cocrystallization of aromatic and 

aliphatic energetic materials respectively.  These model systems demonstrated the ability 

to cocrystallize energetic materials and provided insight on favorable interactions for the 

formations of these cocrystals.  TNT formed cocrystals exclusively with electron-rich 

aromatic compounds through donor acceptor π-π interactions, while HMX formed 

cocrystals with a wide variety of cocrystal formers primarily through electrostatic 

interactions.  The structures of these cocrystals were dictated by the size, shape and 

electronic character of the cocrystal formers.  Properties relevant to energetic materials 

were altered through cocrystallization including the melting point, decomposition 

temperature, density, oxygen balance and impact sensitivity.  The principles developed 

from these two model energetic cocrystal systems led to the formation of novel energetic-

energetic cocrystals between diacetone diperoxide (DADP) and a series of halogenated 

trinitrobenzenes: 1,3,5-trichloro-2,4,6-trinitrobenzene (TCTNB), 1,3,5-tribromo-2,4,6-

trinitrobenzene (TBTNB) and 1,3,5-triiodo-2,4,6-trinitrobenzene (TITNB).  Like the 

TNT and HMX cocrystals, the DADP cocrystals showed altered materials properties.  

Unlike the previously discovered energetic cocrystals, impact sensitivity was not 

improved with respect to the most sensitive component, DADP, even after 

cocrystallization, suggesting that the peroxide moiety is inherently unstable.  This result 

suggests that cocrystallization can be used as an experimental means to probe causes of 

sensitivity for energetic materials.  Finally, the DADP/TBTNB cocrystal was discovered 
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to be a kinetic cocrystal.  The existence of a kinetic cocrystal is relevant for the 

development of cocrystallization because it highlights the need to ensure that potential 

kinetic cocrystals are not overlooked during the cocrystal screening process by 

employing methods that only favor thermodynamically stable forms. 
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 Chapter 1 Introduction 

1.1 What Are Energetic Materials? 

Energetic materials is a broad term used to describe a class of compounds and 

polymers that rapidly release energy through a chemical reaction or change of state, often 

accompanied by the expansion of gas.  This class of materials is further distinguished 

from purely combustible materials by the incorporation of oxygen into the compounds, 

the result of which is that an external oxygen supply is not needed for the explosion 

reaction to proceed.  The term energetic materials encompasses three materials classes: 

explosives, propellants, and pyrotechnics. Explosives and propellants are differentiated 

by the speed, duration and quality of energy release after an initiating event.  Explosives 

should provide destructive power, while propellants serve to supply thrust for rockets and 

engines.  Pyrotechnics can include both explosives and propellants and are used to 

produce various effects, including light, color, production of smoke, and generation of 

sound.  While energetic materials are generally classified as either being explosives or 

propellants, many compounds can serve as both depending on the shape, size, packing 

and arrangement of the compound in the munition.   

Explosives, also termed “high explosives,” are characterized by their ability to 

release energy solely through detonation.  Detonation is distinct from deflagration, a self-

propagated form of burning, and combustion, in that the former is propagated at very 

high speed by the compression-induced heat of a shock wave.  After the explosive 

reaction is initiated, either through thermal ignition, electric shock or mechanical 

pressure, a shock and heat wave are both produced.  In detonation the shock wave is 

faster than the speed of sound, supersonic, and it is this wave, not the thermal wave, that 

propagates the explosive chemical reaction. Even compounds that have the potential to 

detonate may simply deflagrate or burn instead if the conditions for detonation are not 

met.  Whether a compound detonates or not is dependent on the force of the initiation and 
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the compression of the material.  Detonation is key to providing good brisance, or 

shattering ability, that is required for an explosive to be effective.  Brisance scales with 

detonation power as well as the volume of gas produced.  Therefore, there is great 

interest in developing explosives with greater detonation power and larger volumes of gas 

generation. 

Within explosives, however, there is another important classification: primary and 

secondary explosives.  Primary explosives are more sensitive to shock, whether thermal, 

impact, static or friction, and are predominantly used to initiate secondary explosives.  

The detonation velocity and power of primary explosives is typically lower than that of 

secondary explosives, with detonation velocities ranging from 3500-5500 m/s.1  Due to 

their sensitivity, the amount of primary explosives included in any charge is usually 

limited to what is needed to initiate the secondary explosive.   Secondary explosives are 

less sensitive and more powerful than primary explosives.  Typical detonation velocities 

for secondary explosives are 5500-9000 m/s.1  Most of the well-known energetic 

materials are usually classified as secondary explosives and current research efforts focus 

largely on producing secondary explosives with lower sensitivity and great explosive 

power.   

In contrast to explosives, propellants, also called “low explosives,” react through 

deflagration to provide the sustained thrust necessary for this class of materials. 

Deflagration can be considered a form of burning, but in contrast to pure combustion, it is 

self-propagating and does not require an external source of oxygen.  Compared to 

detonation, deflagration is slower and more prolonged.  The reaction is propagated 

through a subsonic thermal wave rather than the shock wave.  The longer reaction and 

massive generation of gases produces the necessary thrust to propel objects such as 

rockets or missiles forward, hence the term propellants.  Burn rates of a propellant can be 

accelerated or regulated by the addition of inorganic salts such as copper chromate 

(CuCr2O4) or ferrocene.2  In designing propellants, materials that burn longer and 

produce larger volumes of gas are generally favored.  

The term pyrotechnics includes both explosives and propellants and is primarily a 

distinction of the intended use for these compounds.  Fireworks are a common example 

of pyrotechnics, but even smoke bombs or whistling rockets can be classified this way.  
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The desired properties for pyrotechnics differ significantly from explosives or propellants 

intended for weapons or mining.  For instance, increasing the explosive power or thrust is 

less important than controlling the size of the explosion or the timing of a rocket.  

Furthermore, since pyrotechnics are often used in outdoor public places or in enclosed 

theaters in close proximity to crowds there is an acute need to produce pyrotechnics that 

produce little if any toxic gaseous products or solid byproducts.  Therefore, significant 

effort is being expended to develop to produce energetic materials that produce little or 

no toxic gases and leave no toxic residues.3-10   

1.2 Key Properties for Energetic Materials 

 The main challenge in designing new energetic materials lies in the large number 

critical properties that must be addressed for these materials to be safe and effective.   

Energetic materials must meet several stringent requirements to be viable for fielding, so 

although new materials are being synthesized,7,11-13 the failure to meet one or more 

requirements has limited their implementation.  One of the primary properties to consider 

is the explosive power of energetic materials, which is affected by density, enthalpy of 

detonation, oxygen balance and gas formation upon detonation or deflagration.  Another 

factor to consider is the safety of these materials, which includes not only the sensitivity 

of these materials to shock so they are safe to handle but the nature of the gases and other 

compounds produced after combustion.   Finally, the ability to produce and effectively 

use these materials in the field, including the cost, processability, water solubility and 

chemical stability in extreme conditions is critical to consider in designing energetic 

materials.  

Explosive power is typically described in terms of detonation velocity and 

pressure.  These two properties of explosives are related to the density, number of moles 

of gas produced and detonation enthalpy as seen in the Kamlet-Jacobs equations:  

 vd =1.01(1+1.30ρ) Ng MgQ  (1.1) 

 Pd =15.58ρ2Ng MgQ  (1.2) 
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where, vd is the detonation velocity, ρ is the loading density, Ng is the number of moles of 

gas produced per gram of explosive, Mg is the average molar mass of the gases produced, 

Q is the enthalpy of detonation for the explosive and Pd is the detonation pressure of the 

explosive.14  Since the loading density is in part dependent on the crystallographic density 

of these materials, it is common practice in the literature to discuss crystallographic 

densities compared to relative detonation velocities and pressures.  For an explosive, a 

higher density usually correlates with higher explosive power.  Unsurprisingly, 

explosives that produce greater volumes of gas will have higher power, therefore the 

number of moles of gas, as well as their molecular weight is also important.  Finally, in 

the Kamlet-Jacobs equations, the enthalpy of detonation is shown to be key for improving 

explosive power: the more heat that can be released, the greater the power.  

Oxygen balance is another critical property to consider for energetic materials.  

Not only does it affect a compound’s explosive or propulsive power but also determines, 

in part, what chemical products might be produced upon detonation or deflagration.  The 

oxygen balance is a weight percent of how much oxygen is either in excess or lacking for 

an ideal combustion reaction of an energetic material.  In a perfect combustion reaction, 

there is enough oxygen to completely react with all the hydrogen, carbon, sulfur, and 

metal atoms present to form H2O, CO2, SO2 and metal oxides.  Based on the products 

from an ideal combustion reaction of an organic energetic material CaHbNcOdXeSf: 

 CaHbNcOdXeSf → aCO2+½(b-e)H2O+c/2N2+eHX +fSO2-(a+f+¼(b-e)-d/2)O2 (1.3) 

the oxygen balance can be calculated using the following equation:15 

 
MW

debfa )2/)((32 4
1 −−++

−  (1.4) 

where a, b, d, e, and f represent the number of carbon, hydrogen, oxygen, halogen and 

sulfur atoms present respectively. For explosives containing metals, this equation can be 

modified to reflect the amount of oxygen required to fully oxidize the metal atom present, 

an amount that varies by metal.  If the oxygen balance is close to zero, then the heat of 

detonation will be high, and consequently, the explosive or propulsive power will be 

higher than materials with less ideal oxygen balances.  In the case of a positive oxygen 

balance, even though more gases are present, the oxidation reaction cannot proceed fully 

and therefore less energy than a pure combustion reaction is produced.  Furthermore, if 
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the oxygen balance is negative, less desirable products are formed.  For example, in the 

case of carbon, if there is not enough oxygen present, then carbon monoxide, which is 

less stable and more toxic than carbon dioxide, will be produced and in some cases, solid 

carbon will be produced, which reduces the moles of gas produced, and ultimately the 

power of the energetic material.  Very few energetic materials have a zero oxygen 

balance (Figure 1.1).  Often inorganic energetic materials have a positive oxygen balance, 

meaning there is excess oxygen present after detonation or deflagration, while organic 

energetic materials have a negative oxygen balance, meaning full oxidation cannot be 

realized in detonation or deflagration.  For this reason, a very common strategy to 

improve the oxygen balance of energetic materials is to blend inorganic and organic 

compounds together to compensate for the imbalance.  But there still exists a need to 

correct this imbalance more on the molecular scale than at the level of a physical mixture.   

-150% -130% -110% -90% -70% -50% -30% -10% 10% 30% 50%

tetranitromethane (TNM)
hexanitroethane (HNE)
ammonium perchlorate (AP)
ammonium dinitramide (ADN)
ammonium nitrate (AN)
hydrazine nitrate
nitroglycerin (NG)
ethylene glycol dinitrate (EGDN)
lead azide
pentaerythritoltetranitrate (PETN)
hexanitrohexaazaisowurtzitane (CL-20)
murcury fulminate
1,3,5-trinitro-1,3,5-triazacyclohexane (RDX)
2,2-dinitroethene-1,1-diamine (FOX-7)
1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX)
3-nitro-1,2,4-triazole-5-one (NTO)
1, 4-dinitroglycoluril (DINGU)
nitroguanidine (NQ)
2,2,7,7,-tetrakis(difluoroamino)octahydro-1,5-dinitro-1,5,-diazocine (HNFX)
picric acid
tetryl
4,4'-diamino-3,3'-azoxyfurazan (DAAF)
1,3,5-triamino-2,4,6-trinitrobenzene (TATB)
1,3,5-trinitrobenzene (TNB)
hexanitrostilbene (HNS)
2,4,6-trinitrotoluene (TNT)
triacetone triperoxide (TATP)
diacetone diperoxide (DADP)

 
Figure  1.1 Oxygen balance for common energetic materials, including organic (red) and 
inorganic (blue) energetic materials. 

Sensitivity of energetic materials to various forms of shock is another important 

property to consider.  Energetic materials can be sensitive to physical impact, electrical 

shock, thermal shock and friction.  It is valuable to note that the various forms of shock 
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do not necessarily proceed through the same mechanism.   A compound that is relatively 

insensitive to one form of shock, such as impact shock, could still exhibit heightened 

sensitivity to another form of shock, such as electric shock.1  Since most commercially 

available sensitivity testing equipment requires significant amounts of sample to obtain 

reliable information, broad sensitivity data for laboratory-scale materials are uncommon. 

Impact shock sensitivity is perhaps the most straightforward characteristic to measure as 

it can be assessed via the dropweight test.  Other sensitivity tests include friction and 

static shock tests and gap tests.16   

Even though the sensitivity of energetic materials to various forms of shock has 

long been recognized, the cause for sensitivity is still a subject of much research and 

discussion today.  Indubitably, it is recognized that small imperfections in the crystals 

(e.g. fractures, cracks or holes) serve as hot spots and the initiating point for the explosive 

reaction.  Therefore with lower quality crystals, higher sensitivity is often observed.  

Nevertheless, it is also recognized that presence of defects to generate hot spots is 

common to all energetic materials and is hardly the only distinguishing feature as to why 

some energetic materials are more sensitive than others.16  An early theory on the cause 

of sensitivity for energetic materials proposed that energetic materials with an oxygen 

balance closer to zero were more sensitive and, indeed, for nitroglycerin this would seem 

to be the case.17,18  Other theories have focused on the weakest bonds in the energetic 

material as being the limiting factor, citing the fact the that the nitro group seems to add 

instability to these materials.16,19-21  In a modification on this theory, it was proposed that 

the distribution of electrostatic potential around the weakest bond is responsible for 

sensitivity.22,23  This has led to the idea that compounds that have stronger intermolecular 

bonds are less sensitive, as in the case of TATB.24,25  An alternative theory focused on the 

presence of slip planes in molecules as being responsible for a reduction in 

sensitivity.26,27  One theory also proposed the correlation of impact sensitivity with the 

existence of void volume in these crystals.28  And even the decomposition temperature 

has been correlated with sensitivity.17  Many of these factors likely contribute to the 

overall sensitivity of an energetic material and in more recent literature this concept has 

been presented.  But still there is a need for clarity to be brought to this area of energetic 

materials research. 
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Thermal properties of energetic materials are also important to consider as these 

influence the stability, processability, and ultimately the usability of energetic materials.  

Among important thermal properties to consider are the melting point, if any, and the 

decomposition temperature of the energetic materials.   Another critical property to 

consider is the volatility of energetic materials.  If energetic materials are excessively 

volatile this adds undesirable instability into munitions.  And finally, chemical stability in 

hot conditions and sensitivity to thermal shocks are important to understand as unstable 

materials cannot be safely used.   

The melting point of an energetic material in relation to its decomposition 

temperature determines how an energetic material can be processed and how it can be 

used.  Very few energetic materials can be used in their molten state since most melt at a 

point only a few degrees below which they explode by autoignition.  A few energetic 

materials, such as 2,4,6-trinitrotoluene (TNT) or 1,3,5-trinitrobenzene (TNB) can be used 

in their molten state, as the melting point is sufficiently lower than the decomposition 

temperature.29  This allows for melt-casting, which is a convenient means of loading and 

energetic material into a munition by pouring when the energetic material is in a molten 

state.  This easy processibility makes melt-castable explosives very attractive. 

The decomposition temperature of an energetic material influences the stability as 

well.   How readily an energetic material can be detonated is in part dependent on the 

decomposition temperature.  When an explosive material is impacted by a shock wave, 

the compound will compress due to this wave and this gives rise to adiabatic heating.  If 

temperatures above the decomposition temperature are reached, then detonation will 

occur.  Therefore, materials with lower decomposition temperatures are more susceptible 

to detonation.  Ultimately this determines whether a material functions as primary or 

secondary explosive. 

1.3 Examples of Energetic Materials 

Energetic materials have been developed in variety of forms.  Broad classes 

include inorganic compounds, organic molecules and polymers.  While inorganic 

energetics are highly dense and often have a positive oxygen balance, these compounds 
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are frequently more sensitive to shock and susceptible to water damage.  Perhaps the 

mostly widely known energetic materials, organic energetic materials, are generally 

insoluble in water in their neutral forms and often much less sensitive to shock.  Organic 

energetic materials generally have lower densities and negative oxygen balances. Since 

the pros and cons of inorganic and organic explosives are complimentary, mixtures of 

these compounds are often made.  Explosive polymers are the third class of energetic 

materials and are similar to organic energetic materials in their properties, generally non-

water soluble and having a negative oxygen balance.  Like organic energetic materials, 

explosive polymers are often mixed with other energetic materials. 

Inorganic energetic materials can be considered the first energetic materials 

discovered with the invention of black powder, a mixture of potassium nitrate, sulfur and 

solid carbon.1  Examples of inorganic explosives include mercury fulminate, lead azide, 

ammonium nitrate and ammonium perchlorate (Figure 1.2).  Mercury fulminate, while a 

very reliable primary explosive, is very sensitive to shock, decomposes in sunlight and 

produces undesirable explosive products including carbon monoxide and mercury.  Lead 

azide, one of the densest primary explosives available and often used as a replacement for 

mercury fulminate, still produces toxic byproducts and is relatively sensitive to shock.  

Ammonium nitrate, also used as a fertilizer, was not initially considered an explosive, 

despite several incidents that occurred in the shipping of this material.  It was not until 

1947 that the true explosive power of this material was realized.  While these common 

inorganic energetic materials function very effectively, the presence of toxic metals and 

halogens in many of them and the high sensitivity of others, in particular ammonium 

nitrate which does not contain metals or halogens, make them less than desirable.  

Therefore current research on inorganic energetic materials focuses not only on reducing 

sensitivity of these materials and susceptibility to water, but also in reducing toxic metal 

and halogen content.6 

 
Figure  1.2 Examples of common inorganic energetic materials. 
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Organic energetic materials represent a second major group of energetic materials 

and include some of the most iconic explosives, such as 2,4,6-trinitrotoluene (TNT) and 

nitroglycerin (NG).  Indeed, nitroglycerin was among the first organic energetic materials 

discovered in 1846 by Professor Ascanio Sobrero through the nitration of glycerine.1  

Although dangerously sensitive, this compound initiated interest in other organic 

explosives.  Based on the success with nitroglycerin and due to the assumed explosive 

capability imparted by the presence of a nitro functional group, one of the earliest 

strategies for forming energetic materials was to nitrate various compounds. While, the 

nitro group is relatively unstable and provides a ready source of nitrogen and oxygen, 

which are key in forming explosives gases for the explosive reaction, the mere process of 

adding nitro functional groups does not make a compound explosive.  Nevertheless, 

many energetic materials containing nitro functional groups were developed.  These 

include nitroguanidine (NQ) developed in 1877 by Jousselin, TNT in 1880 by Hepp, 

2,4,6-triamino-1,3,5-trinitrobenzene (TATB) in 1888 by Jackson and Wing, and 

pentaerythritol (PETN) in 1894.1  Even though picric acid was first discovered in 1742 by 

Glauber, it was not developed as an explosive materials until 1885 in an attempt by 

Turpin to replace black powder.1 Other nitro-group rich compounds include 1,3,5-

trinitro-1,3,5-triazacyclohexane (RDX), first developed in 1899 for medicinal use by 

Hennings but not  recognized as an explosive until 1920 by Herz, and 1,3,5,7-tetranitro-

1,3,5,7-tetrazacyclooctane (HMX), which was discovered as an impurity in the 

Bachmann process synthesis of RDX during World War I. More recent examples of 

highly nitrated energetic materials include 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20) developed in 1987 by Nielsen and octanitrocubane (ONC) 

developed in 1997 by Eaton et al.30  Today the most commonly used explosives include 

TNT, RDX, HMX and PETN. 
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Figure  1.3 Examples of common organic energetic materials. 

Current synthesis strategies for the production of organic energetic materials have 

shifted from incorporating nitro groups to synthesizing nitrogen rich heterocycles.  

Perhaps the most well known energetic material of this type is 3-nitro-1,2,4-triazole-5-

one  (NTO).  Even though it was first synthesized in 1905, it was not until 1987 that the 

explosive properties of this material were reported by Chapman, Lee and Coburn.31  

Since NTO shows remarkable explosive power while showing little shock sensitivity, this 

has inspired research of other nitrogen rich heterocycles.13  This includes 4,4’-diamino-

3,3’-azoxyfurazan (DAAF), and 3,6-bis(1H-1,2,3,4-tetrazol-5-amino)-s-tetrazine 

(BTATz) and triaminoguanidinium azotetrazolate (TAGzT).32 

 
Figure  1.4 Examples of nitrogen rich energetic materials. 

Explosive polymers are a third class of energetic materials.  While a common 

strategy to stabilize organic and inorganic explosive is to mix non-explosive polymers 
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with these compounds, inherently explosive polymers and plasticizers have also been 

developed.   Perhaps the first most well-known explosive polymer is nitrocellulose (gun 

cotton) in which cellulose is nitrated.  Energetic polymers can be highly sensitive to 

impact shock and therefore are not necessarily safer to handle than other energetic 

materials.  In the case of nitrocellulose, in particular, it is only safe to handle when wet.  

This led to the idea by Alfred Nobel in 1875 of mixing nitrocellulose and nitroglycerin, 

which forms a gel.  This gel is used either as a blasting gel or gelatin dynamite.  Other 

examples of explosive polymers include poly(glycidyl nitrate) (polyGLYN), glycidyl 

azide polymer (GAP), poly(3-nitromethyl-3-methyl oxetane) (polyNIMMO), poly(3-

azidomethyl-3-methyl-oxetane) (polyAMMO), and poly(3,3’-bis-azidomethyloxetane) 

(polyBAMO) (Figure 1.5).1  The development of inherently explosive polymers has seen 

very little development in comparison to inorganic and organic energetic materials. 

 
Figure  1.5 Examples of energetic polymers. 

1.4 Strategies to Improve Energetic Materials 

A significant amount of effort has been expended in developing energetic 

materials with improved explosive power and safety.  In fact, only a very small number 

of energetic materials have been fielded as high explosives in military applications 

because of the need for cost effective production methods as well as rigid performance 

targets.  The search for new energetic formulations has employed three different 

strategies.  Currently there is still much effort to synthesize new energetic materials.  A 

second strategy focuses on optimizing existing chemical entities and their solid form, the 
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polymorph employed, to obtain the best properties, including shock sensitivity, density, 

melting point, stability, and reactivity.  And a third strategy has been to make physical 

mixtures of two or more energetic materials to create composites with the target 

properties.  Examples include Pentolite, which is a mixture of TNT and PETN, and 

Composition B, which is a melt mixture of TNT and RDX.  Notably absent from the 

energetics literature is the use of a strategy commonly used in pharmaceutical solid form 

engineering: cocrystallization.    

1.5 What is cocrystallization? 

Cocrystallization is the formation of a crystal consisting of two or more neutral 

molecular components in a defined ratio within a crystal lattice.  Cocrystals are distinct 

from salts, which require ionizable groups that can donate or accept protons to form 

charged components.  Because they remain uncharged, cocrystals provide a way to form 

multicomponent materials while still maintaining the integrity of the original molecular 

components.  Cocrystals are similar to salts, however, in that two or more distinct species 

can be combined to form a novel crystalline material.  Cocrystals have been called by a 

wide variety of terms, including multi-component complexes, molecular complexes, 

adducts, heteromolecular crystals, solid state complexes, pseudopolymorphs, inclusion 

compounds and non-covalent derivatives.  While many of these terms can still be found 

in older literature, an effort to streamline the terminology to cocrystal (or co-crystal) is 

being made.  Even still, some debate over the term is present.  For the purposes of this 

work, cocrystals will include any neutral molecular components that interact in a defined 

way within the crystal lattice, whether solid, liquid or gas in its native state.  Therefore 

the term cocrystal includes solvates, which are crystalline materials of two or more 

neutral molecular compounds where one or more of the compounds is a liquid at room 

temperature and standard pressure.  Some definitions distinguish cocrystals as only 

forming from components that are solids at room temperature, therefore considering 

solvates as a distinct species.33-35 
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Figure  1.6 Cocrystallization combines two or more neutral molecular components in a 
defined ratio within a crystal lattice.  This produces a material distinct from the pure 
cocrystal formers. 

1.6 Strategies for Designing Cocrystals 

While cocrystals often seem to be discovered serendipitously, there has been great 

effort expended to provide design strategies and principles for the formation of 

cocrystals.  This includes discovering and cataloguing robust and reliable intermolecular 

interactions, called supramolecular synthons, for the formation of cocrystals.  Even single 

component systems can provide information on favorable supramolecular synthons.  

Another approach has been to determine the thermodynamic and kinetic factors that 

govern cocrystallization.  From this knowledge, more rational cocrystal experiments can 

be employed.  Both knowledge of favorable interactions and crystallization conditions are 

needed to more judiciously search for cocrystals. 

Understanding favorable supramolecular synthons is key for cocrystal design.  

Hydrogen bonding is one of the most robust intermolecular interactions available and 

figures significantly in most cocrystal engineering.  There are a variety of interactions 

that fit into this classification (Figure 1.7).36-38  In addition to being relatively strong, 

Figure  1.7 Examples of hydrogen bonding synthons 
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hydrogen bonds are short and directional.  Interactions between benzene rings, π-

interactions, are also significant.  In a homogeneous system, observed interactions are 

usually edge-to-face or slipped as this maximizes the electrostatic interaction (Figure 

1.8).  If an electron rich and electron poor aromatic ring are combined, however, then a 

face-to-face interaction, a donor-acceptor π-π interaction, is observed instead.39-41  This 

intermolecular interaction is very strong and is comparable in reliability to hydrogen 

bonding.   

 
Figure  1.8 Interactions for aromatic rings include a) face-to-edge b) slipped and c) face-
to-face 

Another strong intermolecular interaction to consider is halogen bonding.  A 

halogen bond is an intermolecular interaction between a nucleophile and the positive 

electron hole (sigma hole) of a halogen atom (Figure 1.9), typically chlorine, bromine or 

iodine, although it has been shown that fluorine can form this sigma hole in certain 

cases.42-44  As the formation of a halogen bond is dependent on the interaction with the 

positive electron hole, halogen bonding is by nature very directional, much like hydrogen 

bonding.  The strength of the interaction and the freedom of the angles allowed for the 

interaction are dependent on the polarization of the halogen atom.45  In general, iodine is 

the most polarizable, followed by bromine and then chlorine.  Indeed it is the lack of 

polarizability that limits fluorine from being a halogen bond acceptor.  But the 

polarization, and thus strength and direction of the interaction are also influenced by the 

presence of neighboring functional groups.  Electron-donating groups will decrease the 

size of the electron hole, decreasing the allowed angle of interaction and the strength of 

interaction, while, electron-withdrawing groups will increase the size of the electron hole 

and thus broaden the allowed angles of interaction and increase the strength of 

interaction.45-49 
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Figure  1.9 Electrostatic potential density surface maps showing the electron hole (sigma 
hole) of an iodine atom on a benzene ring with a) electron donating groups (5-
iodobenzene-1,3-diamine) b) no electron donating or withdrawing groups (iodobenzene) 
and b) electron withdrawing groups (1,2,3,4,5-pentafluoro-6-iodobenzene). Surfaces were 
calculated using the semi-empirical method and the AM1 model. Red and blue surfaces 
represent electron rich and poor regions, respectively, with colors representing values 
between -50 and 50 kJ/mol. 

For energetic materials, however, many of the common and robust synthons relied 

on for most cocrystal engineering are simply not available.  Instead, most energetic 

materials often have copious amounts of nitro groups and little else in the way of 

traditional hydrogen bonding functional groups.  While some favorable nitro interactions 

are known, these are limited.  These include halogen-nitro interactions, amine-nitro 

interactions, and hydrogen-nitro interactions (Figure 1.10).37,38,50-55  Even though these 

interactions are known to exist, it still does not guarantee cocrystal formation.  Among 

other things there must be a favorable fit between the molecules.  Crystal forms that 

minimize free space are generally more favorable.56-58  Strong intermolecular 

interactions, such as hydrogen bonding, can allow for the formation of structures that 

introduce void space.  The study of energetic materials, therefore, provides an ideal 

opportunity to study less well-known and potentially weaker intermolecular interactions. 

 
Figure  1.10 Examples of nitro interactions reported in the literature. 

A second key to designing cocrystals is to understand favorable crystallization 

methods and conditions for their formation.  In a large part this means understanding the 

thermodynamics and kinetics of the cocrystals and therefore the conditions that favor 
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formation.  Most of the cocrystals discovered are more thermodynamically stable than the 

pure components.  Therefore, producing these cocrystals generally necessitates accessing 

thermodynamically favorable conditions for cocrystal formation.  This does not always 

mean employing a 1:1 molar ratio in setting up the crystallization, however. Cocrystals 

can be overlooked if a simplistic approach in cocrystal screening is applied.59-61  For 

example in the case of carbamazepine/succinic acid cocrystal a 1:40 ratio was required to 

access the 1:1 cocrystal.61  Phase diagrams can be helpful in understanding what 

conditions are favorable for cocrystal formation (Figure 1.11).  One method that takes 

advantage of knowledge gained from the phase diagram for accessing cocrystals employs 

the reaction cocrystallization method (RCM).62  In this method, a saturated or near 

saturated solution of the more soluble of the two components, and the second cocrystal 

former is added to selectively form the cocrystal.  In this way, supersaturation is achieved 

with respect to the cocrystal, but not for either cocrystal former. 

 

Figure  1.11 Solubility phase diagram for a hypothetical cocrystal AB in liquid L.  In this 
case, a 1:1 ratio of cocrystal formers will not lead to cocrystal formation, while a 
nonequivalent ratio will.  Another approach for cocrystal formation, employing the 
reaction cocrystallization method (RCM), starts with a saturated or near saturated 
solution of the more soluble compound (B), and cocrystal is exclusively formed by the 
careful addition of A. 
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Cocrystallization can be more complex than the scenario described above.  For 

instance, while 1:1 cocrystals are very common, other cocrystal ratios are possible, even 

for the same system.  In such a system, there will be a thermodynamically stable region 

for each cocrystal form.60  Additionally, cocrystals, like pure compounds can form 

polymorphs.63  At a given temperature and pressure, one polymorph will be the most 

stable form.  Another factor that will alter the conditions favoring cocrystal formation is 

if the cocrystal formers complex in solution.  This is more likely in solvents that are poor 

for the cocrystal formers.  If solution complexation occurs, apparent solubility of a 

cocrystal former will increase as the concentration of the other cocrystal former 

increases.  It will also appear to make the cocrystal more soluble, altering the conditions 

for optimal cocrystal formation.64  

From a consideration of the thermodynamics of cocrystallization a few 

cocrystallization strategies become clear.  First, cocrystal screens that only utilize 1:1 

ratios can miss conditions that would favor cocrystal growth.  And second, utilizing 

different solvent can be key as this will alter the difference in solubility between two 

components and may make cocrystallization more feasible.60,61,64,65  Furthermore, while 

these conditions consider thermodynamically stable forms, kinetic cocrystallization 

methods should also be considered.  Therefore, to thoroughly search for cocrystals a 

range of conditions and ratios should be tested. 

1.7 Cocrystallization to Improve Energetic Materials 

In this thesis, cocrystallization is explored as a method to improve properties 

critical to energetic materials. Due to the potential to greatly alter the properties of target 

materials while maintaining the integrity of the molecules cocrystallization offers great 

possibilities for providing enhanced energetic materials. Properties for broad classes of 

materials that can be altered through cocrystallization include density, solubility, 

bioavailability, morphology, color, and melting point.66  Cocrystallization has seen 

application in many fields including the research of pharmaceutical materials, 67-74 

optoelectronic materials,75,76 and non-linear optical materials.77-80  Cocrystals have also 

been used to provide unique and “green” solutions to various materials problems, as in 
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the case of the work of John Warner that used cocrystallization of hydroquinone with 

terephthalamide to control the dissolution rate of hydroquinone in water.81  Likewise, 

cocrystallization provides a means to alter and improve existing energetic materials 

without synthesizing new materials.  This includes not only commonly employed 

energetic materials, but also the surfeit of energetic materials that have been synthesized 

but never fielded due to one or more unfavorable properties.  Through cocrystallization, 

such materials could be stabilized allowing for their common use.    

1.8 Previously Reported Energetic Cocrystals 

What would today be termed cocrystals, were not entirely unknown for energetic 

materials. For example, the HMX/N,N-dimethylformamide cocrystal was discovered 

serendipitously when recrystallizing HMX.82-86   This cocrystal sparked a study of over a 

hundred solvates for HMX,86-92 but little was done for most of these cocrystals beyond a 

report of their existence and a brief characterization, with the exception of two cocrystals: 

HMX/N-methyl-2-pyrrolidone and HMX/2,4,-dinitro-2,4-diaazapentane.93-95  In the case 

of TNT, this explosive was often employed to form donor acceptor complexes due to its 

electron-poor nature.  Though complexes were reported,96-103 these were not always 

necessarily crystalline materials, the characterization was far from thorough, and only the 

TNT/pyrene cocrystal was ever structurally characterized.104  Other reported cocrystals 

include HNS/tetrathiavulane105 and RDX106 with various solvents.  In all cases, very few 

crystalline structures are available and the data on the interactions driving the formation 

of these complexes was speculative.  

Though these cocrystals were known, this area of research has remained virtually 

untouched for almost 20 years and the intentional use of cocrystallization specifically for 

improving and enhancing energetic materials was never clearly stated in these works.  

The work in this thesis marks a determined effort to study cocrystallization of energetic 

materials in a systematic way.  To establish cocrystal engineering principles and 

favorable intermolecular interactions for energetic materials commonly employed 

prototype aromatic and aliphatic energetic materials were cocrystallized with non-

energetic materials.  These principles were then successfully applied to the design of 
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cocrystals composed of two energetic materials.  From these principles, the groundwork 

is laid for the development of many more energetic cocrystals. 
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 Chapter 2 Cocrystal Engineering of a Prototype Energetic Material: 
Supramolecular Chemistry of 2,4,6-Trinitrotoluene 

 

Published in Crystal Growth & Design 2010, 10, 5341-5347 

2.1 Introduction 

To rationally design energetic cocrystals, and energetic-energetic cocrystals in 

particular, cocrystallization principles for energetic materials first had to be developed.  

This includes not only a thorough understanding of favorable intermolecular interactions, 

supramolecular synthons, for cocrystallizing energetic materials, but also an 

understanding of what and to what extent properties relevant to energetic materials can be 

altered through cocrystallization.  Therefore, despite the known existence of some multi-

component complexes and cocrystals with energetic materials,1-26 very little in the way of 

rational cocrystallization principles could be derived from these reports.  In particular, 

there was a lack of single crystal structures, which offer clearest insight into favorable 

supramolecular synthons for energetic materials.  Consequently, more systematic and 

thorough exploration of energetic materials was required.  For organic energetic 

materials, two broad classes can be considered: aromatic and aliphatic energetic 

materials.  Therefore, cocrystallization principles should be developed for both classes of 

materials. This chapter focuses on the aromatic class of energetic materials whereas 

Chapter 3 will focus on aliphatic energetic materials. 

Electron-poor aromatic energetic materials represent a significant portion of the 

energetic materials available today.  Starting with picric acid, first prepared in 1742 and 

used as an explosive in 1830, a plethora of energetic materials containing electron poor 

aromatic rings were developed, including 2,4,6-trinitrophenyl-N-methylnitramine (tetryl), 

2,4,6-trinitrotoluene (TNT), 1,3,5-trinitrobenzene, and 1,3,5-triamino-2,4,6-

trinitrobenzene (TATB).27  Perhaps the most notable among these is TNT.  First 

developed in 1863, TNT is still among the most commonly employed energetic materials, 
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in part for its low cost and easy manufacture, but also for its ability to be safely melt-cast 

into munitions and its relative insensitivity to detonation by physical shock.  

Unfortunately, TNT has a comparatively lower density, and thus explosive power, and 

has a relatively negative oxygen balance, and therefore produces too much carbon 

monoxide and soot.  For both of these reasons TNT is a less than ideal explosive and 

improvements are still desirable.  Multicomponent complexes, both in solution and in the 

solid state, are reported for some aromatic energetic materials including TNT and 

hexanitrostilbene (HNS).1,2,4-8  Despite this work there was only one crystal structure of a 

TNT cocrystal reported in the Cambridge Structural Database (CSD): TNT/pyrene.26  

This cocrystal features donor-acceptor π-π interactions leading to a 1:1 complex of the 

two components.  Here the generality of TNT cocrystallization was scrutinized for a wide 

range of cocrystal formers (ccf) and the alteration of structural, chemical, and 

spectroscopic properties, especially as they are relevant to energetic materials, was 

elucidated.  The principles developed from this study can be applied to cocrystallization 

of other aromatic energetic materials.  

2.2 Results and Discussion   

2.2.1 Structure of TNT Cocrystals 

A wide variety of potential cocrystal formers were screened for cocrystal 

formation with TNT.  This resulted in the discovery of seventeen unique cocrystals with 

TNT from fifteen cocrystal formers, all of which were electron-rich aromatic compounds.  

The following compounds form cocrystals with TNT: naphthalene (1), 1-

bromonaphthalene (2), anthracene (3), 9-bromoanthracene (4), phenanthrene (5), 

perylene (6), tetrathiafulvalene (7), thieno[3,2-b]thiophene (8), phenothiazine (9), 

dibenzothiophene (10), 4,6-dimethyldibenzothiophene (11), 1,2-phenylenediamine (12), 

1,4-dimethoxybenzene (13), 4-aminobenzoic acid (14, 15), and anthranilic acid (16, 17).  

All of the cocrystals contain a 1:1 ratio of components with the exception of 4-

aminobenozoic acid and anthranilic acid, which exist in both a 1:1 and 1:2 ratio with 

TNT (TNT/ccf).  Structural elucidation of these cocrystals provides insight into the 

structural changes that occur due to cocrystallization as well as favorable interactions for 
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cocrystal formation.  The crystallographic data of the TNT cocrystals obtained are 

presented in Table 2.1 and a discussion of the structures of these cocrystals follows. 
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Table  2.1 Crystallographic information for the seventeen cocrystals of TNT.  All 
structures were collected at 95 K. 

  1 2 3 4 5 6 7 8 9 

formula C17H13N3O6 C17H12BrN3O6 C21H15N3O6 C21H14BrN3O6 C21H15N3O6 C27H17N3O6 C13H9N3O6S4 C13H9N3O6S2 C19H14N4O6S 

MW (g/mol) 355.30 434.21 405.36 484.26 405.36 479.44 431.47 367.35 426.40 

stoichiometry 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 

color colorless light yellow orange yellow light yellow red dark brown light yellow dark brown 

morphology blade blade blade blade blade needle prism blade blade 

solvent ethanol neat THF THF ethanol toluene THF ethanol ethanol 

crystal system triclinic triclinic monoclinic triclinic orthorhombic orthorhombic triclinic triclinic orthorhombic

space group  P⎯1 P⎯1 P21/c P⎯1 P212121 P212121 P⎯1 P⎯1 P212121 

a (Å) 8.6559(6) 7.2538(3) 14.0050(3) 6.7461(2) 7.07587(16) 7.19649(17) 8.39611(15) 6.81044(18) 7.4869(4) 

b (Å) 9.8012(5) 7.7969(3) 6.72457(16) 8.61691(19) 9.2294(2) 7.98291(18) 9.42210(19) 9.2640(3) 9.1121(4) 

c (Å) 10.0969(6) 14.8572(5) 19.4127(5) 17.3981(4) 27.7299(7 36.206(3) 11.4671(2)  12.7021(4) 26.5398(19) 

α (deg) 92.333(3) 91.504(3) 90.00 97.606(2) 90.00 90.00 86.4170(10) 95.909(2) 90.00 

β (deg) 111.371(4) 92.976(2) 103.538(2) 100.297(2) 90.00 90.00 69.5530(10) 91.239(2) 90.00 

γ (deg) 96.598(4) 98.164(3) 90.00 103.182(2) 90.00 90.00 81.0340(10) 113.853(2) 90.00 

cell vol. (Å3) 789.26(8) 830.17(6) 1777.44(7) 952.90(4) 1810.92(8) 2079.98(16) 839.58(3) 727.29(4) 1810.56(18) 

ρcalc (g/cm3) 1.495 1.737 1.515 1.698 1.487 1.531 1.707 1.677 1.564 

Z 2 2 4 2 4 4 2 2 4 

data/param. 2479/236 2581/245 3118/272 3075/280 3113/308 3078/296 2682/236 2302/218 2535/307/ 

R1/wR2 3.8/11.0 5.8/17.2 4.6/11.3 3.8/9.6 8.8/22.7 8.5/24.8 2.7/6.9 3.7/12.0 8.9/18.8 

GOF 1.109 1.235 1.122 1.073 1.096 1.132 1.056 1.189 1.223 

 
  10 11 12 13 14 15 16 17 

formula C19H13N3O6S C21H17N3O6S C13H13N5O6 C15H15N3O8 C14H12N4O8 C21H19N5O10 C14H12N4O8 C21H19N5O10 

MW (g/mol) 411.38 439.44 335.28 365.30 364.28 501.41 364.28 501.41 

stoichiometry 1:1 1:1 1:1 1:1 1:1 1:2 1:1 1:2 

color light yellow yellow brown yellow yellow orange yellow orange 

morphology blade blade blade blade blade prism blade prism 

solvent ethanol ethanol ethanol ethanol ethanol ethanol ethanol melt 

crystal system monoclinic triclinic orthorhombic monoclinic monoclinic monoclinic triclinic triclinic 

space group P21/c P⎯1 Pna21 P21/n P21 P21/c P⎯1 P⎯1 

a (Å) 9.09248(16) 7.22567(18) 19.0408(13) 6.6019(8) 6.90525(18) 10.5492(4) 6.68253(12) 10.3188(3) 

b (Å) 7.17969(18) 9.3056(2) 6.66738(12) 28.237(3) 14.1124(3) 14.4420(5) 8.67582(16) 13.8350(3) 

c (Å) 54.4492(10) 15.1173(3) 11.1188(2) 8.6743(8) 15.7976(11) 14.7554(6) 14.2195(10) 15.3114(11) 

α (deg) 90.00 104.5420(10) 90.00 90.00 90.00 90.00 86.507(6) 89.339(6) 

β (deg) 95.7200(10) 96.8790(10) 90.00 91.197(7) 93.559(7) 101.061(2) 80.859(6) 85.674(6) 

γ (deg) 90.00 91.3760(10) 90.00 90.00 90.00 90.00 68.812(5) 81.667(6) 

cell vol. (Å3) 3536.81(13) 975.28(4) 1411.56(11) 1616.7(3) 1536.50(12) 2206.25(15) 758.90(6) 2156.63(17) 

ρcalc (g/cm3) 1.545 1.496 1.578 1.501 1.575 1.510 1.594 1.544 

Z 8 2 4 4 4 4 2 4 

data/param. 6058/524 3145/281 2366/233 2511/235 4686/494 3764/351 2557/235 7458/697 

R1/wR2 5.9/15.2 5.9/15.8 3.4/10.0 6.5/16.9 5.8/12.8 7.5/17.7 5.1/14.3 9.4/25.3 

GOF 1.056 1.159 0.981 1.032 1.113 1.154 1.002 1.042 
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Donor-acceptor π-π interactions drive the formation of these cocrystals.  Due to 

the strong electron-withdrawing effects of the nitro groups, TNT has an electron-poor π-

system; conversely, the cocrystal formers all possess relatively electron-rich benzene 

rings promoting a favorable interaction between the electron-poor and electron-rich 

aromatic rings.  Electrostatic potential surfaces, which show the calculated distribution of 

electron density on the surface of a molecule, provide a means to visualize areas of 

charge on a molecule and thereby understand intermolecular interactions.  The calculated 

electrostatic potential surfaces of TNT and the cocrystal formers are shown in Figure 2.1.  

The introduction of donor-acceptor π-π interactions between aromatic rings has a 

profound influence on the packing of the molecules in these cocrystals, and consequently 

on the solid-state properties.  Both polymorphs of TNT, as well as most of the cocrystal 

formers in their pure form, pack in a herringbone motif to facilitate electrostatically 

favorable edge-to-face interactions.28-30  Due to the donor-acceptor π-π interactions, face-

to-face π-stacking is observed in the cocrystals.  Representative examples of both packing 

motifs are presented in Figure 2.2. All of the TNT cocrystals presented similar face-to-

face π-stacking motifs to the TNT/anthracene cocrystal.   

 

Figure  2.1 Electrostatic potential surfaces of TNT and the cocrystal formers calculated 
using the semi-empirical method and the AM1 model.  Red and blue surfaces represent 
electron rich and poor regions respectively.  Surfaces are normalized between -25 and 25 
kJ/mol. 
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Figure  2.2 A comparison of the herringbone packing of monoclinic TNT (CSD code 
ZZZMUC08)30 (left) and a the face-to-face π-stacking of the TNT/anthracene cocrystal 
(right) 

The formation of cocrystals with TNT not only alters the π-stacking motif of the 

cocrystal formers, but also significantly reorients the nitro groups of the TNT molecule.  

In particular, there is a notable and consistent change in the angle of the nitro group in the 

4 position (para to the CH3) of TNT in the cocrystals.  In monoclinic TNT these nitro 

groups of the inequivalent molecules make angles of 33.8 and 23.7° to the benzene ring, 

whereas in orthorhombic TNT the corresponding angles are 33.9 and 23.2°.30  In the TNT 

cocrystals, these angles range from 1.3 to 14.3° and are 5.0° on average.  Torsion angles 

are presented in Table 2.2. 
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Table  2.2 Average torsion angles for the 4-nitro group of TNT in the TNT polymorphs 
and cocrystals.  When two inequivalent TNT molecules are present both torsion angles 
are given. 

TNT/TNT cocrystal TNT A (°) TNT B (°) 

monoclinic TNT 33.8 23.7 

orthorhombic TNT 33.9 23.2 

naphthalene 5.4  

1-bromonaphthalene 2.1  

anthracene 3.4  

9-bromoanthracene 2.3  

phenanthrene 1.3  

perylene 2.5  

tetrathiafulvalene 3.5  

thieno[3,2-b]thiophene 4.8  

phenothiazine 4.1  

dibenzothiophene 1.4 2.3 

4,6-dimethyldibenzothiophene 4.5  

1,2-phenylenediamine 1.8  

1,4-dimethoxybenzene 4.7  

4-aminobenzoic acid (1:1) 9.0 14.3 

4-aminobenzoic acid (1:2) 6.4  

anthranilic acid (1:1) 6.2  

anthranilic acid (1:2) 4.7 14.6 

The change in orientation of the nitro groups influences the properties of TNT 

within the cocrystals.  Indeed, the change in the orientation of nitro groups is significant 

enough that it results in shifts in the vibrational spectra of these materials.  Monoclinic 

and orthorhombic TNT have an asymmetric nitro stretch (νas) at 1537.4 and 1535.7 cm-1 

and a symmetric nitro stretch (νs) at 1368.7 and 1358.7 cm-1 respectively.  In the TNT 

cocrystals, the asymmetric nitro stretch generally increases in energy with respect to both 

forms of TNT, 6.7 and 8.4 cm-1 on average for monoclinic and orthorhombic TNT 

respectively.  In contrast to this, the symmetric nitro stretch in the TNT cocrystals 

decreases in energy, 8.7 cm-1 on average, with respect to monoclinic TNT, while 

remaining relatively unchanged with respect to orthorhombic TNT.31   
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Although the donor-acceptor π-π interactions are dominant in the formation of the TNT 

cocrystals reported herein, the secondary interactions within these cocrystals provide 

valuable insight into favorable interactions that can be applied in the formation of 

cocrystals with other nitrated energetic materials.  The amine-nitro interaction is expected 

to be among the strongest of the interactions found in the TNT cocrystals and indeed is 

present in all of the cocrystals containing amine functional groups, including the 

cocrystals of TNT with 1,2-phenylenediamine, 4-aminobenzoic acid, anthranilic acid and 

phenothiazine.32  Monocoordinated amine-nitro interactions are observed in every TNT 

cocrystal containing an amine functional group (examples shown in Figure 2.3).  These 

interactions are incorporated into a wide variety of motifs in the TNT cocrystals 

including dimers, chains and rings.  Bicoordinated amine-nitro interactions occur only in 

the TNT/anthranilic acid 1:2, TNT/1,2-phenylenediamine and TNT/phenothiazine 

cocrystals (Figures 2.3 and 2.4).  

 

Figure  2.3 Example of a monocoordinated amine-nitro interaction in the a) TNT-
4/aminobenzoic acid 1:1 cocrystal and the b) TNT/anthranilic acid 1:1 cocrystal. 
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Figure  2.4 Amine-nitro interactions in the TNT/1,2-phenylenediamine cocrystal.  Both 
monocoordinated (blue) and bicoordinated (red) amine-nitro interactions are observed.   

The monocoordinated amine-nitro interactions in the TNT/1,2-phenylenediamine 

cocrystal form a chain ( C2
2(10)) that generates sheets of alternating TNT and 1,2-

phenylenediamine molecules when linked through the bicoordinated (2.376 and 2.450 Å) 

amine-nitro interaction ( R1
2(4)).  In the TNT/anthranilic 1:2 cocrystal the bicoordinated 

amine-nitro interaction (2.221 and 2.397 Å) forms a dimer between anthranilic acid and 

TNT ( R1
2(4)).  In a similar fashion, the amine of the TNT/phenothiazine cocrystal is 

bicoordinated to a nitro group of TNT, though asymmetrically (2.381 and 2.754 Å), to 

form a dimer ( R1
2(4)). In general the TNT cocrystals containing amines do not 

preferentially form bicoordinated (three-centered) amine-nitro interactions, as might be 

expected based on interactions of nitroanilines reported in the literature.33,34 
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Figure  2.5 The bicoordinated amine-nitro interaction in the major conformer of the 
TNT/phenothiazine cocrystal. 

2.2.2 Properties of TNT Cocrystals.  

One significant result of cocrystallizing TNT is that a relatively dramatic change 

in the density of this material can be accomplished.  Density is often used as a very 

general guide to predict properties, including the detonation velocity and detonation 

pressure, of explosives.35  More dense energetic materials have the potential to have 

larger detonation velocities and therefore are preferred.  A comparison of the densities of 

the TNT cocrystals to that of the cocrystal formers is presented in Table 2.3.  As might be 

expected, many of these cocrystals have a density in between that of both components.  

This is not always the case, however; the TNT/tetrathiafulvalene cocrystal has a density 

higher than two of the reported forms of tetrathiafulvalene and the orthorhombic form of 

TNT.  Perhaps more notable is the TNT/1-bromonaphthalene cocrystal in which the 

density is higher than both forms of TNT as well as pure 1-bromonaphthalene. This latter 

cocrystal in particular demonstrates the effectiveness of cocrystallization in achieving 

higher density materials.  It should be noted, however, when cocrystallizing an energetic 

material with a non-energetic material that even the approximate relationship of density 

to the detonation properties no longer applies.  In the case of the TNT/1-

bromonaphthalene cocrystal, even though the overall density of 1.737 g/cm3 is greater 

than that of monoclinic TNT (1.713 g/cm3), the effective density of TNT is reduced to 

0.909 g/cm3.  While TNT is diluted in this case, these results still raise the intriguing 

possibility that by cocrystallizing two energetic materials together higher density 

explosives with enhanced performance could be achieved.  
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Table  2.3 A comparison of the densities of the TNT cocrystals to the available 
polymorphs of the cocrystal formers (ccf).36-55  All densities reported are for crystals at 
95 K unless otherwise specified. 

compound 
TNT cocrystal 
(g/cm3) 

ccf form I 
(g/cm3) 

ccf form II 
(g/cm3) 

ccf form III 
(g/cm3) 

phenanthrene 1.487 1.222c   

naphthalene 1.495 1.239l   

4,6-dimethyldibenzothiophene 1.496 1.299c   

1,4-dimethoxybenzene 1.501 1.231f   

4-aminobenzoic acid (1:2) 1.509 1.373c 1.389b,c  

anthracene 1.515 1.297k 1.250c  

perylene 1.531 1.388f 1.394e  

anthranilic acid (1:2) 1.544 1.369c 1.409c 1.388c 

dibenzothiophene 1.545 1.418i   

phenothiazine 1.561 1.387c 1.417h  

4-aminobenzoic acid (1:1) 1.575 1.373c 1.389b,c  

1,2-phenylenediamine 1.578 1.214c   

anthranilic acid (1:1) 1.594 1.369c 1.409c 1.388c 

thieno[3,2-b]thiophene 1.677 1.542c   

9-bromoanthracene 1.698 1.592c 1.622c  

TNT – 1.713i 1.704g  

tetrathiafulvalene 1.707 1.686d 1.750j 1.676i 

1-bromonaphthalene 1.737 1.489a   

aliquid at room temperature, no crystal structure available bdesignated form beta IV 
croom temperature d290 K e200 K f150 K g123 K h120 K i100 K j98 K k94 K l90 K 

In the case of TNT/1-bromonaphthalene, not only has the density increased 

relative to the pure components, but multifunctionality has been added to this material as 

well.  Through cocrystallization a halogen, bromine, is effectively added to TNT.  The 

production of reactive halogen species within the explosion plume provides a means of 

annihilating biological and chemical warfare agents (BWA and CWA) remotely.56,57  

Much effort has been exerted to synthetically introduce halogens into energetics to create 

effective anti-BWA and anti-CWA munitions.  Here cocrystallization is shown to provide 

a straightforward means to add halogens to existing energetic materials.  By selecting 
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appropriately halogenated cocrystal formers, cocrystallization offers the opportunity to 

modify energetics as needed without necessitating new chemical synthesis. 

In addition to density, cocrystallization also changes the packing coefficient.  As 

evidenced from the packing coefficients of the TNT cocrystals and cocrystal formers in 

Table 2.4, all of the packing coefficients are altered with respect to the cocrystal formers.  

Packing coefficients were calculated by using the following equation: Ck = ZVmolVcell
−1 , 

where Ck is the packing coefficient, Z is the number of molecules in the unit cell, Vmol is 

the molecular volume (Å3), and Vcell is the volume of the unit cell.  While many of the 

TNT cocrystals do not possess higher density with respect to TNT, the packing 

coefficient of TNT improves by as much as 3.6% through cocrystallization.  Indeed, the 

packing coefficients of more than half of cocrystals formed are higher than those of either 

polymorph of TNT, indicating a strong complementary relationship between the 

molecules.  Although there is a reduction of the packing coefficient of the cocrystals with 

respect to the solid forms of many of the aromatic compounds without functional groups, 

these compounds provide a means to improve the packing coefficient with respect to the 

solid forms of TNT by minimizing empty space within the crystal lattice of this energetic 

material.58,59  These cocrystals highlight the potential to minimize the free volume in 

solid forms with TNT and other energetic materials and provide insights into the size and 

shapes of molecules that can improve the packing coefficient.  
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Table  2.4 A comparison of the packing coefficients of the TNT cocrystals to the available 
polymorphs of the cocrystal formers (ccf).36-55 All packing coefficients reported are for 
crystal forms at 95 K unless otherwise specified. 

compound TNT cocrystal ccf form I ccf form II ccf form III 

1,4-dimethoxybenzene 81.6% 82.2%f   

anthranilic acid (1:2) 82.0% 81.2%c 83.8%c 82.3%c 

4-aminobenzoic acid (1:1) 82.2% 82.1%c 83.2%b,c  

4-aminobenzoic acid (1:2) 82.2% 82.1%c 83.2%b,c  

TNT  – 82.4%i 81.9%g  

anthranilic acid (1:1) 82.6% 81.2%c 83.8%c 82.3%c 

phenanthrene 82.7% 82.1%c   

4,6-dimethyldibenzothiophene 82.7% 83.1%c   

phenothiazine 82.8% 84.3%c 86.1%h  

9-bromoanthracene 83.1% 81.8%c 86.1%c  

dibenzothiophene 83.2% 87.4%i   

thieno[3,2-b]thiophene 83.4% 82.9%c   

1-bromonaphthalenea 83.5%  –   

naphthalene 84.0% 87.5%l   

anthracene 85.0% 88.1%k 85.0%c  

1,2-phenylenediamine 85.4% 80.7%c   

tetrathiafulvalene 85.4% 80.4%d 83.8%j 79.9%i 

perylene 86.6% 89.6%f 90.0%e  

aliquid at room temperature, no crystal structure available bdesignated form beta IV 
croom temperature d290 K e200 K f150 K g123K h120 K i100 K j98 K k94 K l90 K 

Cocrystallization forms unique compounds and therefore, drastically altered 

melting points can be achieved. A summary of the melting points for the TNT cocrystals 

are presented in Table 2.5. The TNT cocrystals formed exhibit a wide range of melting 

points.  Through cocrystallization the melting point with respect to TNT can be lowered 

by as much as 36 °C or increased by 94 °C.  While many of the melting points of the 

cocrystals formed are between that of both cocrystal formers, this is not always the case.  

Two notable exceptions to this trend are the TNT cocrystals with 1,4-dimethoxybenzene 

and 1,2-phenylenediamine where the cocrystal exhibits a lower melting point than either 

of the pure components.  By contrast, the cocrystals of TNT with thieno[3,2-b]thiophene, 
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naphthalene, dibenzothiophene, and anthranilic acid all exhibit melting points higher than 

either cocrystal former.  Through cocrystallization therefore, it is possible to manipulate 

the melting point of energetic materials as needed.  For example, decreasing the melting 

point can be desirable to form energetic materials that can be easily melt-processed.  

Conversely, increasing the melting point can be advantageous when creating munitions 

that resist deformation prior to detonation.  The range of temperatures available through 

this technique is notably broader than that achievable through polymorphic modification. 

Table  2.5 Melting points of TNT cocrystals as compared to the most stable polymorph of 
the cocrystal formers (ccf) measured using differential scanning calorimetry (DSC) at a 
ramp rate of 10 °C/min.  

TNT/TNT cocrystal ccf (°C) cocrystal (°C) 

1,4-dimethoxybenzene 56.6 45.2 

1-bromonaphthalene -1.0 73.3 

1,2-phenylenediamine 101.8 73.8 

orthorhombic TNT 81.1 – 

monoclinic TNT 81.9 – 

thieno[3,2-b]thiophene  56.0 83.7 

naphthalene 81.5 95.9 

phenanthrene 99.7 100.2 

9-bromoanthracene 102.9 101.0 

phenothiazine 186.4 107.2 

anthracene 217.1 108.5 

tetrathiafulvalene 119.2 108.8 

4,6-dimethyldibenzothiophene 154.6 116.3 

4-aminobenzoic acid  (1:1) 188.1 117.6 

dibenzothiophene 99.0 118.8 

anthranilic acid (1:2) 99.0 139.3 

perylene 276.0 151.5 

anthranilic acid (1:1) 99.0 151.7 

4-aminobenzoic acid (1:2) 188.1 175.2 

 

Cocrystallization also can produce significant changes in another critical thermal 

property for energetic materials: the decomposition temperature.  Ideally this value is 

high for energetic materials to ease processing as well as to increase their detonation 
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temperature and thus allow for deeper penetration of the energetic material into a target.  

The decomposition temperature data are summarized in Table 2.6.  

Table  2.6 Decomposition temperature and enthalpy of TNT and TNT cocrystals as 
measured by DSC at a ramp rate of 10 °C/min. 

TNT/TNT cocrystal Tdecomp. (°C) ∆Hdecomp (kJ/g) 

tetrathiafulvalene 202.9 0.95 

phenothiazine 237.3 1.1 

4-aminobenzoic acid (1:2) 251.8 0.34 

4-aminobenzoic acid  (1:1) 256.7 1.0 

anthranilic acid (1:2) 258.4 0.45 

anthranilic acid (1:1) 266.2 1.0 

1,2-phenylenediamine 267.3 0.91 

perylene 268.6 0.91 

9-bromoanthracene 288.2 1.5 

1,4-dimethoxybenzene 289.5 0.89 

thieno[3,2-b]thiophene  291.9 1.3 

anthracene 293.5 1.4 

1-bromonaphthalene 296.4 0.84 

monoclinic TNT 298.0 1.7 

4,6-dimethyldibenzothiophene 299.1 1.4 

orthorhombic TNT 299.6 2.0 

naphthalene 304.2 0.71 

phenanthrene 307.0 1.3 

dibenzothiophene 312.8 1.2 

 

In almost every case, the decomposition temperature of cocrystals is altered with 

respect to TNT.  Even in the liquid state the interactions driving the formation of the 

cocrystals are significant enough to change the decomposition temperature by as much as 

95 °C.  It is notable that in some of the cocrystals formed, the decomposition temperature 

can be increased with respect to TNT.  This is observed in TNT cocrystals with 

phenanthrene, naphthalene, dibenzothiophene, and 4,6-dimethyldibenzothiophene.  By 

selecting the appropriate cocrystal former, therefore, cocrystallization provides a means 
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of increasing the decomposition temperature and therefore improving this aspect of a 

common energetic material.   

Although the TNT cocrystals presented here are diluted through cocrystallization 

with non-energetic materials, violent decomposition is still achievable (Figures 2.6 and 

2.7).  In all DSC thermograms a substantial heat of decomposition was observed.  

Qualitative tests of a subset of cocrystals confirm that violent decomposition is still 

achievable in these TNT cocrystals with non-energetics, thus validating the approach of 

making new multifunctional energetic compositions based on a single energetic 

component.  
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Figure  2.6 DSC thermal trace for the TNT/thieno[3,2-b]thiophene cocrystal (exothermic 
direction up).  The endothermic peak shows the melting point of the cocrystal (83.7 °C) 
and the exothermic peak is the decomposition of the cocrystal (291.9 °C). 
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Figure  2.7 DSC thermal trace for the TNT/1-bromonaphthalene cocrystal (exothermic 
direction up).  The endothermic peak shows the melting point of the cocrystal (73.3 °C) 
and the exothermic peak is the decomposition of the cocrystal (296.4 °C). 

2.3 Conclusions 

A wide range of aromatic compounds successfully form cocrystals with TNT 

mediated by donor-acceptor π-π interactions.  These interactions direct the cocrystal 

structure, giving preference to face-to-face over edge-to-face stacking.  When present, 

amine-nitro interactions also guide the cocrystal structure.  The alterations in structure 

ultimately produce unique properties in the cocrystals, with respect to the pure 

components.  Properties vital to energetic materials, including the density, packing 

coefficient, melting point and decomposition temperature are successfully modified 

through cocrystallization.  Indeed, this technique allows for wider variations in the 

properties of energetic materials than is achievable through polymorphic modification.  

Although the interactions mediating cocrystal formation discussed here are applicable 

primarily to the aromatic family of energetic compounds, the concept of cocrystallizing 

energetic materials to improve their properties can be applied broadly.  Indeed, as will be 

shown in Chapters 3 and 4, favorable electrostatic interactions are often key in the 

formation of energetic cocrystals. 
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2.4 Experimental 

2.4.1 Materials 

Naphthalene (98%), anthracene (99%), 9-bromoanthracene (94%), phenanthrene 

(98+%), dibenzothiophene (98%), 2-amino-4,5-dimethoxybenzoic acid (98%) and 

perylene (99%) were obtained from Aldrich (Milwaukee, WI).  Tetrathiafulvalene (97%), 

4,6-dimethyldibenzothiophene (97%), 1,4-dimethoxybenzene (99%) and 1,2-

phenylenediamine (99.5%) were obtained from Aldrich, (St. Louis, MO).  Phenothiazine 

and 1-bromonaphthalene (97%) were obtained from Sigma (St. Louis, MO).  Anthranilic 

acid (puriss, >99.5%) was obtained from Fluka (Steinheim, Switzerland).  2,4,6-

Trinitrotoluene60 and thieno[3,2-b]thiophene61 were synthesized and purified according to 

the published procedures. Caution! 2,4,6-Trinitrotoluene is an explosive material and 

care should be exercised in avoiding excessive heat, static electricity and mechanical 

shock! 

2.4.2 Cocrystal Formation 

High throughput screening (HTS) experiments were performed in 96 well 

polypropylene plates.  Solutions were dispensed into the plates using either a Gilson 215 

liquid handler or an Eppendorf EpMotion 5070 liquid handling robot.  A 10 mg/mL 

(0.044 M) solution of TNT in ethanol (Decon Labs, Inc., 200 Proof, USP) was dispensed 

throughout the plate; the volumes dispensed across each row were 0, 2, 2, 3, 4, 3, 4, 4, 6, 

6, 6, and 4 µL.  A different cocrystal former solution (0.044 M) was dispensed for every 

row; the volumes dispensed across each row were 6, 8, 6, 6, 6, 4, 4, 3, 4, 3, 2, and 0 µL.  

Cocrystal formers screened were dissolved in ethanol when possible.  Cocrystal formers 

anthracene, 9-bromoanthracene, and tetrathiafulvalene were dissolved in inhibitor free 

tetrahydrofuran (Fisher Chemical, HPLC Grade).  Other solvents used for the screening 

process include methanol (Fisher Chemical, Certified ACS), dimethylsulfoxide (Fisher 

Chemical, HPLC Grade), and toluene (Fisher Chemical, Certified ACS). The solutions 

were mixed, covered and allowed to evaporate at room temperature over a period of three 

days.  The resulting ratios of cocrystal former to TNT were 1:4, 1:3, 1:2, 2:3, 3:4, 1:1, 

4:3, 3:2, 2:1, and 3:1. 
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2.4.3 Additional Crystallizations 

Additional crystallizations were performed to produce cocrystals for powder X-

ray diffraction (PXRD), thermal analysis and single crystal X-ray diffraction.  

TNT/naphthalene (1) 1.380 mg TNT and 0.779 mg naphthalene in 1 mL ethanol, 6.1 mg 

TNT and 3.7 mg naphthalene in 0.7 mL ethanol, 0.604 mg TNT and 0.232 mg 

naphthalene in acetone; TNT/anthracene (3) 0.367 mg TNT and 0.401 mg anthracene in 

0.5 mL tetrahydrofuran (THF), 0.845 mg TNT and 0.798 mg anthracene in 0.5 mL THF; 

TNT/9-bromoanthracene (4) 0.442 mg TNT and 0.506 mg of 9-bromoanthracene in 0.5 

mL acetonitrile, 10.4 mg TNT and 11.8 mg 9-bromoanthracene in 1 mL THF; 

TNT/phenanthrene (5) 0.651 mg TNT and 0.532 mg phenanthrane in 0.5 mL ethanol; 

TNT/tetrathiafulvalene (7) 0.582 mg TNT and 0.522 mg tetrathiafulvalene in 0.5 mL 

THF; TNT/thieno[3,2-b]thiophene (8) 6.7 mg TNT and 4.6 mg thieno[3,2-b]thiophene 

in 0.7 mL ethanol, 1.373 mg TNT and 0.623 mg thieno[3,2-b]thiophene in acetone, 1.240 

mg TNT and 0.747 mg thieno[3,2-b]thiophene in ethanol; TNT/phenothiazine (9) 0.853 

mg TNT and 0.795 mg phenothiazine in 0.5 mL ethanol; 0.372 mg TNT and 0.342 mg 

phenothiazine in ethanol; TNT/dibenzothiophene (10) 0.657 mg TNT and 0.629 mg 

dibenzothiophene in 0.5 mL ethanol; TNT/4,6-dimethyldibenzothiophene (11) 2.0 mg 

TNT and 1.9 mg 4,6-dimethyldibenzothiophene in 0.4 mL of ethanol; TNT/1,2-

phenylenediamine (12) 5.903 mg TNT and 2.775 mg 1,2-phenylenediamine in 1 mL of 

methanol; 0.967 mg TNT and 0.503 mg 1,2-phenylenediamine in a 1:1 mixture by 

volume of THF and ethanol; TNT/1,4-dimethoxybenzene (13) 13.399 mg TNT and 

8.216 mg 1,4-dimethoxybenzene in 1.6 mL ethanol; TNT/4-aminobenzoic acid 1:1 (14) 

12.128 mg TNT and 7.384 mg 4-aminobenzoic acid in 1.4 mL ethanol; TNT/anthranilic 

acid 1:1 (16) 7.473 mg TNT and 4.750 mg anthranilic acid in 1 mL ethanol.  

2.4.4 Thermomicroscopy 

Thermomicroscopy was performed with a Linkham LTS 350 hot stage connected 

to a Linkham TMS 94 processor and controlled using Linksys32 Version 1.9.3 software, 

viewed under polarized light with a Nikon Eclipse E600 microscope.  For initial 

observation, samples were heated from room temperature up to temperatures ranging 

from 50 to 200 °C at a rate of 1 °C/min.  Fused samples were cooled and identified using 

Raman spectroscopy.  Thermomicroscopy was used to form three TNT cocrystals: 
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TNT/1-bromonaphthalene (2) 1 mg of TNT in excess 1-bromonaphthalene was heated 

at a rate of 1 ºC/min to 50 ºC and held for 15 minutes, cooled and allowed to sit for 24 

hours; TNT/4-aminobenzoic acid 1:2 (15) 1 mg of the 1:1 TNT-4-aminobenzoic acid 

cocrystal was heated at 10 ºC/min to 107 ºC and held there for 15 minutes; 

TNT/anthranilic acid 1:2 (17) 1 mg of both TNT and anthranilic were mixed, placed on 

a microscope slide under cover slip, heated up to 120 °C at 1 °C/min, and held at this 

temperature for 1 hour. 

2.4.5 Raman Spectroscopy 

Raman spectra were obtained using a Renishaw inVia Raman microscope 

equipped with a 633 nm He-Ne laser and a 514 nm argon laser with 1800 lines/mm 

grating and a RenCam CCD detector.  Spectra were collected and analyzed using the 

WiRE 3.1 software package.  Calibration was performed using a silicon standard.  

Spectra were collected using an Olympus SLMPlan 20 × objective (numerical aperture = 

0.35) and 50 μm slit in extended scan mode with a range of 100-3600 cm-1. 

2.4.6 Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) patterns were collected at 95 K using a Rigaku 

R-Axis Spider diffractometer with an image plate detector and graphite monochromated 

Cu-Kα radiation (1.5419 Å).  Samples were mounted on a CryoLoop™ and images were 

collected for ten minutes while rotating the sample about the φ-axis at 10°/sec, oscillating 

ω between 120° and 180° at 1°/sec with χ fixed at 45°.  Images were integrated from 3° 

to 70° with a 0.05° step size using AreaMax 2 software.  Powder patterns were processed 

in Jade Plus.  

2.4.7 Single Crystal X-ray Diffraction 

All measurements were made on a Rigaku R-Axis Spider diffractometer with an 

image plate area detector using graphite monochromated Cu-Kα radiation (1.5419 Å).  

All collections were carried out at 95 K with the sample mounted on a MiTeGen 

MicroMount™.  The structures were solved by direct methods62,63 and expanded using 

Fourier techniques.64  The non-hydrogen atoms were refined anisotropically and the 

hydrogen atoms were refined using the riding model.  The final cycle of full-matrix least-
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squares refinement was made on F2.  An empirical absorption correction was applied to 

the structure.  All calculations were performed using the CrystalStructure 3.865 

crystallographic software package except for refinement, which was performed using 

SHELXL-97.66  For determination of inter- and intramolecular distances, all carbon-

hydrogen bond lengths were normalized to 1.083 Å, all nitrogen-hydrogen bond lengths 

were normalized to 1.008 Å and all oxygen-hydrogen bond lengths were normalized to 

0.983 Å.  Structures 1, 2, 4, 7, 8, 10, 11, and 16 all exhibit low completeness due to the 

triclinic space group and the copper X-ray radiation source employed; data collection 

strategies to achieve the maximum possible completeness were used.  Structure 17 has a 

relatively high R factor (0.0944).  The method for the formation of this 1:2 cocrystal 

introduces disorder within the bulk of the crystal and therefore good quality crystals of 

adequate size for single crystal X-ray diffraction could not be grown.  In structures 6 and 

9 large C-C bond uncertainties (>0.01 Å) were observed (0.011 and 0.015 Å 

respectively).  Quality crystals of 6 were not obtainable; this cocrystal exhibits a 

significant amount of disorder in the nitro groups of the TNT, and the best crystal 

selected still diffracted weakly.  Despite considerable effort, high quality crystals, without 

twinning, of 9 were not obtainable; this cocrystal structure exhibits a significant amount 

of disorder, particularly in two of the nitro groups of TNT as a result of the various 

conformations possible for these groups.  Due to poor crystal quality large C-C bond 

uncertainties were observed.  The disorder in the nitro groups also contributed 

significantly to increasing the ADP values of two oxygen atoms, O1B and O5B.  

2.4.8 Differential Scanning Calorimetry 

Thermograms of the samples were recorded on a TA Instruments Q10 differential 

scanning calorimeter and programmed using Thermal Advantage for Q Series Version 

2.5.  Samples (0.5-2 mg weighed to a precision of 0.005 mg) were placed in aluminum 

pans and the lids were crimped using a TA-Instruments hermetic sealing press.  Thermal 

behavior of the samples was studied under a nitrogen purge of 50.0 mL/min at a heating 

rate of 10 °C/min, over a temperature range of 25-360 °C.  The instrument was calibrated 

with an indium standard.  Data were analyzed using Universal Analysis Version 4.3 

Thermal Advantage Software. 
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2.4.9 Calculations 

Packing coefficients were calculated by using the following equation: 

Ck = ZVmolVcell
−1 , where Ck is the packing coefficient, Z is the number of molecules in the 

unit cell, Vmol is the molecular volume (Å3), and Vcell is the volume of the unit cell.  

Molecular volume was calculated with Spartan ’08 version 1.2.0 (Wavefunction, Inc.), 

which employs van der Waals radii of 1.89 Å for bromine, 1.92 Å for carbon, 1.20 Å for 

hydrogen, 1.55 Å for nitrogen, 1.52 Å for oxygen, and 1.82 Å for sulfur. 

Torsion angles were determined using Mercury 1.4.2.  Torsion angles were 

calculated by measuring the angle between the plane of the benzene ring and the plane 

formed by the nitrogen and two oxygen atoms of the nitro group. 

Calculations of the electrostatic potential energy density maps were performed 

using semi-empirical methods with the AM1 model available in Spartan ‘08 version 1.2.0 

(Wavefunction, Inc.).  All maps were normalized between -25 and 25 kJ/mol.  
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 Chapter 3 Cocrystals of 1,3,5,7-Tetranitro-1,3,5,7-tetrazacyclooctane 
(HMX) 

 

Published in Crystal Growth & Design 2012, 12, 3603-3609 

3.1 Introduction  

While cocrystallization offers great potential to address many of the materials 

properties concerns for energetics, including chemical stability, sensitivity to shock and 

oxygen balance, the lack of information on supramolecular synthons suitable for 

energetics has hindered the rational design of energetic cocrystals.  Cocrystals are 

generally difficult to design a priori; for the case of energetics, where most of the 

functional groups traditionally relied upon for cocrystal engineering are notably absent, 

the problem is compounded.  For this reason, models for engineering energetic cocrystals 

would prove invaluable for successfully designing novel and effective energetic 

materials.  Previously, donor-acceptor π-π interactions were shown to be highly effective 

in cocrystallizing 2,4,6-trinitrotoluene (TNT).1  From these results, rational design 

strategies for cocrystallizing other electron poor aromatic energetic materials can be 

devised.  In an effort to address an archetypal example from the broader class of aliphatic 

energetics, this work explored one of the most widely deployed energetics: 1,3,5,7-

tetranitro-1,3,5,7-tetrazacyclooctane (HMX). 

First discovered as a byproduct in the synthesis of 1,3,5-trinitro-1,3,5-

triazacyclohexane (RDX) in 1930, HMX is among the most commonly used energetic 

materials in explosive applications today and is noted for its high melting point, superb 

detonation power and moderate sensitivity.  HMX exhibits three distinct polymorphic 

forms:2 α,3 β3-5 and δ6,7 as well as one hemi-hydrate, γ,8 that can also exist in its 

dehydrated form.  In these forms, two conformations of the HMX molecule are observed: 

the chair-chair and chair conformations (Figure 3.1). The most energetically favorable 

molecular conformation is the chair conformation, which is observed in the most stable 
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room temperature form of HMX: β-HMX.2,5,9,10  The opposing position of the nitro 

groups reduces internal repulsions and allows for closer intermolecular interactions 

making β-HMX the densest observed form.  By contrast, in the chair-chair conformation 

adopted in α-, δ-, and γ-HMX, the repulsion between the four nitro groups that are 

closely-spaced makes this conformation less stable.9  β-HMX is the form of choice in 

energetics applications due to its stability and density. 

 
Figure  3.1 HMX exhibits two conformations: the a) chair-chair and b) chair 
conformation.  Ab initio electrostatic potential surfaces (right) were calculated using the 
semi-empirical method and the AM1 model. Red and blue surfaces represent electron 
rich and poor regions, respectively, with colors representing values between -25 and 25 
kJ/mol. 

In 1962, a solvate of HMX with N,N-dimethylformamide (DMF) was 

discovered.11-15  This spurred extensive research on potential solvate former candidates 

for HMX, and to date almost one hundred HMX solvates and cocrystals, hereafter 

referred to collectively as cocrystals, have been claimed.15-21  Despite this level of 

activity, very few crystal structures have been reported. In addition to HMX/DMF, the 

only structurally characterized HMX cocrystals available from the Cambridge Structural 

Database (CSD) are HMX/N-methyl-2-pyrrolidone22 and HMX/2,4-dinitro-2,4-

diazapentane.23  In order to effectively engineer novel cocrystals of HMX and other 

aliphatic energetic materials, knowledge of the interactions driving the formation of these 

cocrystals must be understood.  Crystal structures provide an unambiguous means to 

observe these intermolecular interactions.  Here we present seven new HMX cocrystal 
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structures. These, along with the previously reported structures of HMX/DMF, HMX/N-

methyl-2-pyrrolidone and HMX/2,4-dinitro-2,4-diazapentane, are used to compare the 

structures and properties of HMX cocrystals.  From this study we determined that HMX 

cocrystallizes in three distinct motifs, as dictated by the cocrystal former, with each motif 

exerting a predictable effect on materials properties.  These structures offer the first steps 

to rational HMX cocrystal design and provide insight into cocrystal design for aliphatic 

energetics.   

3.2 Results and Discussion.  

3.2.1 Structure of HMX Cocrystals 

Crystal structures were elucidated for the following cocrystals: HMX/1,2-

phenylenediamine (1), HMX/3,4-diamintoluene (3), HMX/4-fluoroaniline (4), 

HMX/thieno[3,2-b]thiophene (5), HMX/2-pyrrolidone (6), HMX/1,4-

piperazinedicarboxaldehyde (8), and HMX/2-picoline-N-oxide (9).  Cocrystals of 

HMX/2-bromoaniline (2) and HMX/4-picoline-N-oxide (7) were also studied and 

structurally examined, but single-crystal X-ray diffraction data were inadequate for 

precise structural elucidation. The existence of all but the HMX/thieno[3,2-b]thiophene 

cocrystal were previously reported in the literature although in all cases without crystal 

structures.18,19,21  The crystallographic data are presented in Table 3.1. The structures 

observed in these HMX cocrystals fit into three well-defined structural motifs herein 

termed chair-chair/layered, chair-chair/pocket, and chair/layered. 
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Table  3.1 Crystallographic data for HMX cocrystals (collected at 95 K unless otherwise 
noted). 

chair-chair/layered chair-chair/pocket chair/layered 
HMX 

cocrystal 1 2 3 4 5 6 7 8 9 

stoichiometry 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:2 

morphology prism prism prism prism prism needle needle block prism block prism

space group Pnma P212121 Pnma P212121 Pnma P63 /m P63 /m P21/c P⎯1 

a (Å) 11.4153(8) 7.7484(5) 11.4367(10) 7.7156(5) 11.1402(5) 15.8469(6) 15.765(4) 13.8386(9) 6.0611(16)

b (Å) 18.4825(18) 11.1996(8) 18.7309(15) 11.2114(6) 19.1745(14) 15.8469(6) 15.765(4) 6.4188(5) 7.818(2) 

c (Å) 7.7116(6) 19.2710(14) 7.8305(7) 18.5392(12) 7.6902(6) 10.5371(7) 10.730(2) 20.7476(16) 12.154(3) 

α (deg) 90 90 90 90 90 90 90 90 71.604(13)

β (deg) 90 90 90 90 90 90 90 104.246(7) 80.885(14)

γ (deg) 90 90 90 90 90 120 120 90 86.334(14)

vol. (Å3) 1627.0(2) 1672.32(19) 1677.4(2) 1603.68(17) 1642.69(15) 2291.6(2) 2309.5(9) 1786.3(2) 539.5(3) 

Z 4 4 4 4 4 6 6 4 1 

ρcalc (g/cm3) 1.651 1.860 1.657 1.687 1.765 1.657 1.749 1.630 1.583 

data/param. 1478/158 – 1413/168 2903/310 1490/133 1342/148 – 2882/272 1730/164 

R1/wR2 6.36/15.00 – 4.94/12.35 2.37/5.84 3.56/9.77 6.27/17.44 – 9.37/24.84 15.4/35.97

GOF 1.155 – 1.164 1.077 1.096 1.007 – 1.199 1.083 

aCollected at 85 K 

3.2.1.1 Chair-chair/Layered  

The chair-chair/layered motif is observed with cocrystal formers consisting of 

electron-rich aromatic rings, including 1,2-phenylenediamine, 2-bromoaniline, 3,4-

diamintoluene, 4-fluoroaniline, and thieno[3,2-b]thiophene.  Homogeneous layers of 

HMX alternate with layers of cocrystal former (Figure 3.2).  The HMX molecule displays 

the less stable chair-chair conformation, as is found in α-, δ-, and γ-HMX.  The 

electrostatic potential surfaces reveal considerable similarity among the cocrystal formers 

leading to this motif (Figure 3.3).  When considering the electron poor nature of the 

HMX molecule (Figure 3.1) the main driving force for the cocrystallization of HMX with 

electron rich aromatic rings becomes apparent.  Indeed, the presence of electron-rich 

aromatic rings appears to drive the formation of this motif.  Short contacts within the van 

der Waals radii between hydrogen atoms of HMX and the carbon atoms of the benzene 
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rings, or the sulfur atoms in the case of the thieno[3,2-b]thiophene, in these cocrystal 

formers were observed for all structures in this motif. 

 
Figure  3.2 The chair-chair/layered motif as demonstrated by HMX/4-flouroaniline 
viewed down a) the a-axis and b) the c-axis. 

 
Figure  3.3 Electrostatic potential surfaces for the cocrystal formers of the chair-
chair/layered motif.  Ab initio electrostatic potential surfaces (right) were calculated 
using the semi-empirical method and the AM1 model. Red and blue surfaces represent 



55 
 

electron rich and poor regions, respectively, with colors representing values between -25 
and 25 kJ/mol. 

In addition to the electrostatic interactions between HMX and the electron-rich 

aromatic rings, interactions between the nitro groups of HMX and various functional 

groups of the cocrystal formers were also observed (Figure 3.4).  As expected, when 

amines are present, amine-nitro interactions are observed.24-28  In the HMX/thieno[3,2-

b]thiophene cocrystal, the closest nitro interactions exist between an equatorial nitro 

group and a hydrogen atom from the thiophene ring.  These interactions in combination 

with the general electrostatic interactions provide the cohesive force between the layers. 

 
Figure  3.4 HMX-cocrystal former interactions for chair-chair/layered cocrystals: a) N-
H⋅⋅⋅O-NO interaction (2.412 Å) and b) C-H⋅⋅⋅O-NO interaction (2.411 and 2.420 Å) of 
HMX/3,4-diaminotoluene (rotational disorder omitted for clarity); c) N-H⋅⋅⋅O-NO 
interaction (2.202 Å) of HMX/4-fluoroaniline; and d) C-H⋅⋅⋅O-NO interaction (2.397 Å) 
of HMX/thieno[3,2-b]thiophene.  

Within the single-component layers of the chair-chair/layered motif, significant 

interactions are observed as well.  Most notably, neighboring HMX molecules form 

chains ( C2
2(7)[R2

2(8)]) through donation of electron density from the axial nitro group to 

the hydrogen atoms on the neighboring HMX molecule (Figure 3.5). These HMX-HMX 

interactions are consistent for all of the HMX cocrystals in this motif.  This regularity is 
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emphasized in the unit cell lengths of these cocrystals, which are similar to within 0.8 Å 

or less of each other (7.7-7.8 Å × 11.1-11.4 Å × 18.5-19.2 Å). Interactions between the 

cocrystal formers provide further stability within the cocrystal, but vary among each 

cocrystal former.  The consistency displayed by the HMX-HMX interactions in this motif 

allows for the accommodation of an assortment of electron-rich aromatic materials, 

suggesting the possibility of many more HMX cocrystals. 

 
Figure  3.5. a) HMX-HMX interactions propagating a chain (2.40 Å) and b) HMX-HMX 
interactions between chains (2.43 and 2.61 Å). 

3.2.1.2 Chair-chair/Pocket 

The chair-chair/pocket motif is observed for HMX/N-methyl-2-pyrrolidone,22 

HMX/2-pyrrolidone, HMX/4-picoline-N-oxide, and HMX/DMF.13,14,22  Despite the 

structural variety of the cocrystal formers observed in this motif, the solid-state packing is 

remarkably consistent.  In all of the cocrystals of this motif HMX again adopts the chair-

chair conformation.  Layers consist of three cocrystal former molecules surrounded by 

six HMX molecules, three HMX molecules with nitro groups facing towards the 

cocrystal former and three with nitro groups facing away (Figure 3.6). As in the previous 

motif, the HMX molecules form chains with electron-rich nitro groups of one HMX 

molecule interacting with the electron-poor hydrogen atoms of the adjacent molecule.  

The differences lie in the relative orientation of adjacent HMX molecules and the fact 
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that these chains form in three directions resulting in a kagome-like structure.  

Alternating layers are offset from one another so that a cluster of three cocrystal formers 

are sandwiched by a cluster of three HMX molecules both above and below. 

 
Figure  3.6 HMX/2-pyrrolidone viewed a) down the c-axis and b) perpendicular to the 
(110) plane.  For clarity only one set of disordered atoms is shown for 2-pyrrolidone. 

The HMX molecules form a network that is constant among all of the cocrystals 

adopting the chair-chair/pocket motif, with less than 1 Å difference in the spacing 

between the HMX molecules.  Cocrystal formers serve as interchangeable guest 

molecules to stabilize this network of HMX molecules.  The consistency of the 

arrangement of the HMX network and the cocrystal formers suggests that the HMX 

interactions drive the formation of this motif and cocrystal formers need only fulfill size, 

shape and electronic character requirements to fill the interstitial spaces and stabilize the 

crystal.  Due to this effect and the pocket-like nature of this motif there is a high 

propensity for the cocrystal formers to be disordered.  This has hindered, both historically 

and presently, an accurate understanding of the specific interactions between HMX and 

the cocrystal formers.  However, despite the disorder it is clear that all of the cocrystal 

formers possess a highly polarized oxygen atom that can interact with the hydrogen 

atoms of the HMX ring through hydrogen bonding (Figure 3.7).  The electrostatic 

potential surfaces for these compounds (Figure 3.8) highlight the polarization of the 

oxygen atom containing functional groups.  Indeed, the uneven electron density and small 

cocrystal former size seem to promote the formation of this structural motif.  
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Figure  3.7 Hydrogen bonding between the carbonyl of 2-pyrrolidone and the HMX ring 
of HMX/2-pyrrolidone (2.260 and 2.426 Å).  For clarity only one set of disordered atoms 
is shown for 2-pyrrolidone. 

 
Figure  3.8 Electrostatic potential surfaces for the cocrystal formers of the chair-
chair/pocket motif calculated.  Ab initio electrostatic potential surfaces (right) were 
calculated using the semi-empirical method and the AM1 model. Red and blue surfaces 
represent electron rich and poor regions, respectively, with colors representing values 
between -25 and 25 kJ/mol. 

In contrast to the other two motifs, the chair-chair/pocket motif often produces 

long thin needles due to preferential growth in the layer-stacking direction.  Only 

HMX/DMF and HMX/N-methyl-2-pyrrolidone, chair-chair/pocket cocrystals that both 

form prisms, are exceptions while all other HMX cocrystals of this motif produce thin 

needles.  This common morphology, combined with the regularity of this cocrystal motif, 

suggests that many structurally uncharacterized HMX cocrystals29 also appear to 

cocrystallize in this motif based on their powder X-ray diffraction (PXRD) patterns 
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(Figure 3.9).  Indeed, it is their propensity to form long, thin needles that has prevented 

the structural elucidation of these cocrystals as it is difficult to grow an adequately thick 

sample. Furthermore, in the manufacturing of explosives, prisms are preferred over 

needles as they are easier to handle and load consistently.30  Cocrystals that adopt the 

chair-chair/pocket motif are, thus, expected to be less favorable in this respect.  Still, the 

chair-chair/pocket motif offers a unique means of packing HMX: in non-continuous 

layers, different from any other solid form of HMX. 

5 10 15 20 25 30 35 40
2θ (°)

HMX/2-pyrrolidone

HMX/δ-valerolactam

HMX/pyridine-N-oxide

HMX/4-picoline-N-oxide

 
Figure  3.9. PXRD pattern comparison of two HMX cocrystals in the chair-chair/pocket 
motif (HMX/2-pyrrolidone and HMX/4-picoline-N-oxide) and two HMX cocrystals that 
seem likely to adopt this motif (HMX/pyridine-N-oxide and HMX/δ-valerolactam) but 
were not structurally elucidated. 

3.2.1.3  Chair/Layered 

The chair/layered motif contains layers of chair conformation HMX alternating 

with layers of cocrystal former (Figure 3.10). This is the only motif in which the HMX 

molecule adopts its most stable conformation, the chair conformation, like that of β-

HMX.  Though the chair conformation is the most energetically stable, this conformation 

was the least commonly observed in the HMX cocrystals studied.  HMX cocrystals 

exhibiting this structure include HMX/1,4-piperazinedicarboxaldehye, HMX/2-picoline-

N-oxide and HMX/2,4-dinitro-2,4-diazapentane.23  
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Figure  3.10 HMX/2-picoline-N-oxide viewed down a) the a-axis and b) the b-axis 

In contrast to the other motifs, the HMX-HMX interactions are relatively distant 

and the interactions between HMX and the various cocrystal formers in this motif are 

shorter and more numerous (Figure 3.11).  In general, the cocrystal formers generating 

this motif display greater variation in size and functionality than those producing either 

the chair-chair/layered or chair-chair/pocket motifs.  This variety is seen in both the 

functional groups and size of these cocrystal formers.  The electrostatic potential surfaces 

reveal the unique electronic character of these cocrystal formers and indicate areas of 

electron density that can interact favorably with the HMX molecule (Figure 3.12).  The 

diversity in the functionality, electron density and size of these cocrystal formers 

highlights the great adaptability offered by this motif.  Since greater variations in both 

size and functionality of the cocrystal former are permitted, this motif holds the greatest 

promise for accommodating other energetic compounds. 
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Figure  3.11 HMX-cocrystal former interactions for a) HMX/2-picoline-N-oxide, with a 
N+-O-⋅⋅⋅H-C interaction (2.151 and 2.157 Å) and a C-H⋅⋅⋅O-NO interaction (2.335 Å), and 
b) HMX/1,4-piperazinedicarboxaldehyde, with a C=O⋅⋅⋅H-C interaction (2.210 and 2.237 
Å) and a C-H⋅⋅⋅O-NO interaction (2.450 Å).   

 
Figure  3.12 Electrostatic potential density surfaces for the cocrystal formers of the 
chair/layered motif calculated.  Ab initio electrostatic potential surfaces (right) were 
calculated using the semi-empirical method and the AM1 model. Red and blue surfaces 
represent electron rich and poor regions, respectively, with colors representing values 
between -25 and 25 kJ/mol. 

3.2.2 Structural Influence on HMX Cocrystal Properties 

The correlation between the motifs formed and the observed materials properties 

is an important consideration for engineering novel HMX cocrystals.  Properties 

considered in this work include density, packing coefficient, and thermal properties.  

While many more properties are altered through cocrystallization, these properties are 

particularly relevant when considering energetic materials. 
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3.2.2.1  Density and Packing Coefficient Comparisons 

The density, and by extension packing coefficient, of energetics correlates with 

their performance.  Ideal energetic materials have high densities and packing coefficients.  

Therefore, in designing novel HMX cocrystals, optimizing these parameters is crucial.  

Overall, a slight loss in density was observed for HMX cocrystals with non-energetic 

cocrystal formers relative to pure HMX (Table 3.2).  This is different than what was 

observed for previously studied TNT cocrystals, where some cocrystals demonstrated 

higher density upon cocrystallization.1  In contrast to density, the packing coefficient of 

the HMX cocrystals is approximately the same as HMX or better.  Packing coefficients 

were calculated using the equation Ck=ZVmolVcell
-1, where Vmol is the molecular volume 

(Å3), Vcell is the volume of the unit cell (Å3), and Z is the number of molecules in the unit 

cell.  The minimal difference in the packing coefficient of the HMX cocrystals as 

compared to the pure forms of HMX accounts for their favorable formation and suggests 

that losses in density are due to the higher ratio of hydrogen atoms in the cocrystal 

formers rather than poorer packing.  In comparing the motifs, some differences are 

apparent.  In particular, the density and packing coefficient of the crystals in the chair-

chair/layered motif is generally greater than those of the chair-chair/pocket motif.  

Consistent with the structural variety observed in the chair/layered motif, a range of 

densities and packing coefficients are observed. 
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Table  3.2 Density (ρ) and packing coefficient (PC) data for HMX cocrystals and pure 
HMX.a  

cocrystal or polymorph 
ρ calc 

(g/cm3) PC 

chair-chair/layered   

HMX/1,2-phenylenediamine 1.651 82.7% 

HMX/3,4-diaminotoluene 1.657 84.6% 

HMX/4-fluoroaniline 1.687 82.5% 

HMX/thieno[3,2-b]thiophene 1.765 83.2% 

HMX/2-bromoaniline 1.859 82.3% 

chair-chair/pocket   

HMX/N-methyl-2-pyrrolidoneb 1.570 78.4% 

HMX/N,N-dimethylformamideb 1.612 79.7% 

HMX/2-pyrrolidonec 1.657 80.6% 

chair/layered   

HMX/2,4-dinitro-2,4-diazapentane (1:2)b 1.570 77.8% 

HMX/2-picoline-N-oxide (1:2) 1.583 83.8% 

HMX/1,4-piperazinedicarboxaldehyde 1.630 80.2% 

pure HMX   

δ-HMXb 1.759 77.5% 

γ-HMXb,d 1.780 82.4% 

α-HMXb 1.839 81.0% 

β-HMXb 1.903 82.3% 
aCalculated for structures at 95 K except where specified 
broom temperature c85 K dhemihydrate 

3.2.2.2  Morphology of HMX Cocrystals 

The morphology of the HMX cocrystals was also remarkably consistent within 

each of the motifs and relatively distinct from each other (Table 3.3).  In the chair-

chair/layered motif cocrystals growth within a layer is favored over the addition of layers 

producing diamond-shaped plates.  In contrast to this, the chair-chair/pocket motif often 

produces long thin needles due to preferential growth in the layer-stacking direction.  

While HMX/DMF and HMX/1-methyl-2-pyrrolidone, chair-chair/pocket cocrystals that 

both form prisms, are exceptions to this, a large number of uncharacterized HMX 

cocrystals seem to cocrystallize in this motif, based on their needle morphology, PXRD 
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patterns and Raman spectra.  The chair/layered motif cocrystals formed as rectangular 

block prisms. 

Table  3.3 HMX cocrystal morphology information (*pictured cocrystal). 
motif observed morphology picture cocrystal 

chair-chair/layered  diamond plates HMX/1,2-phenylenediamine 

HMX/2-bromoaniline 

HMX/3,4-diaminotoluene 

HMX/4-fluoroaniline* 

HMX/thieno[3,2-b]thiophene 

chair-chair/pocket  long, thin needles HMX/2-pyrrolidone* 

HMX/4-picoline-N-oxide 

   prisms HMX/N,N-dimethylformamide 

HMX/N-methyl-2-pyrrolidone* 

chair/layered rectangular block prisms HMX/1,4-piperazinedicarboxaldehyde 

HMX/2- picoline-N-oxide* 

Morphology has important implications in the processing of explosives.  Since the 

morphology of the HMX cocrystals often follows a predictable pattern based on the motif 

formed, which is based on the characteristics of the cocrystal former, this information can 

be applied in engineering novel HMX cocrystals amenable for bulk processing.  In 

manufacturing ordnances, prisms are preferred over needles as they are easier to handle 

and load consistently.30  From this perspective, therefore, engineering HMX cocrystals 

from cocrystal formers that are more likely to produce either the chair-chair/layered or 

chair/layered motifs is favorable.  

3.2.2.3 Thermal Properties of the HMX Cocrystals 

While all pure forms of HMX convert to δ-HMX at temperatures above 149 

°C,2,10 the thermal behavior of the HMX cocrystals is more complex and appears to be 

correlated to the structural motif.  In all HMX cocrystals studied, the cocrystal former 
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separates from HMX at a temperature far below the decomposition temperature of HMX 

(279 °C at a heating rate of 10 °C/min), resulting in the formation of δ-HMX, as 

confirmed via Raman spectroscopy and powder X-ray diffraction (PXRD).  The phase 

separation temperatures vary depending on the cocrystal former and the structural motif 

(Table 3.4).  Cocrystals with HMX in the chair-chair conformation display a range of 

phase separation temperatures, from 125 to 179 °C.  The phase separation occurs as a 

gradual release of the cocrystal former, with the rate depending on the size of the crystal.  

Crystal growth was not apparent during the phase separation, though the resulting multi-

crystalline material was identified as δ-HMX via Raman spectroscopy and PXRD.  These 

samples were consistently tan-colored, indicating the presence of impurities.  In contrast 

to this, the two cocrystals studied with HMX in the chair conformation show a phase 

change near 150 °C, which is within the reported temperature range at which pure β-

HMX transforms into δ-HMX (reported values range from 149 to 200 °C).10,31,32  

Furthermore, as observed using hotstage microscopy, there is a regular transformation in 

which the cocrystal appears to become partially liquefied and well-defined crystals of δ-

HMX grow within this liquid (Figure 3.13).  For example, when held isothermally at 

temperatures above the phase separation temperature, at 170 °C, large needles of δ-HMX 

of up to 2 mm can be grown from HMX/2-picoline-N-oxide.  Though any correlation is 

only hypothetical, it is an intriguing coincidence that the chair/layered cocrystals, within 

the β to δ transformation temperature range, convert so cleanly δ-HMX while the 

conversion with the chair-chair conformation HMX containing cocrystals are not so well 

defined.  In any case, HMX cocrystals in the chair/layered motif, as opposed to the other 

two motifs, provide a reliable means to grow high quality δ-HMX crystals, which can be 

difficult to obtain by other methods. 
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Figure  3.13 Phase separation of HMX/1,4-piperazinedicarboxaldehyde, with crystals of 
δ-HMX growing from the liquid. 

Table  3.4 HMX cocrystal phase separation temperature (Tps) and pure cocrystal former 
(ccf) melting points.  

cocrystal Tps (°C) ccf mp (°C)

chair-chair/layered   

HMX/1,2-phenylenediamine 170 102.1 

HMX/2-bromoaniline 156 30.8 

HMX/3,4-diaminotoluene 148 88.7 

HMX/4-fluoroaniline 128 -1.9 

HMX/thieno[3,2-b]thiophene 179 56 

chair-chair/pocket   

HMX/N-methyl-2-pyrrolidone 125 -24 

HMX/2-pyrrolidone 163 12.2 

HMX/4-picoline-N-oxide 125 182 

HMX/N,N-dimethylformamide 166 -61 

chair/layered   

HMX/2-picoline-N-oxide (1:2) 153 46-50 

HMX/1,4-piperazinedicarboxaldehyde 151 129.1 

 

3.2.2.4 Impact Sensitivity 

Through cocrystallization a notable reduction in impact sensitivity relative to pure 

HMX is observed.  Impact sensitivity was tested for representative cocrystals from each 

of the observed motifs through the means of an in-house constructed drop-weight test 

(Table 3.5).33  While β− and δ−HMX detonated when impacted from a height of 45 cm 

and 27 cm respectively, detonation was not observed for HMX cocrystals, even at heights 

of 145 cm, the limit for the apparatus, indicating a significant decrease in impact 
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sensitivity.  These cocrystals not only possess inert partners for HMX, but the alteration 

in the packing of HMX has great potential to assist in reducing the sensitivity.  The 

layered structures found in all of these motifs introduce slip planes, which are 

hypothesized to reduce the mechanical shock sensitivity of explosives.34,35  

Table  3.5 Drop-weight impact sensitivity test data for β-HMX, δ-HMX, HMX cocrystals 
and phase-separated HMX cocrystals.  The drop height for the pure forms of HMX 
represent the h50%, or the height at which samples exhibited a 50% likelihood of 
detonation.  Due to sample size limitations, the drop height of the cocrystals represents 
the lowest height from which a detonation was observed. 

sample drop height (cm) 

β-HMX 47 

δ-HMX 27 

HMX/N,N-dimethylformamide >145 

HMX/thieno[3,2-b]thiophene >145 

HMX/2-bromoaniline >145 

HMX/2-picoline-N-oxide >145 

HMX/N,N-dimethylformamide, after phase separation 29 

HMX/thieno[3,2-b]thiophene, after phase separation 27 

HMX/2-picoline-N-oxide, after phase separation 27 

 

Considering both the increased insensitivity of HMX cocrystals and the 

aforementioned phase separation of the cocrystals at a temperature safely below the 

detonation temperature, these cocrystals are viable candidates for smart energetic 

materials.  In the energetic/non-energetic cocrystal form, these energetic materials can be 

handled and transported in a form that is insensitive to shock.  However, by a process of 

gentle heating above the phase separation temperature, but well below the decomposition 

temperature of HMX, the cocrystal former can be selectively removed, with δ-HMX, the 

most sensitive HMX form, remaining.  To achieve phase separation of representative 

cocrystals, HMX/thieno[3,2-b]thiophene, HMX/DMF, and HMX/2-picoline-N-oxide 

cocrystals were heated at 10 °C/min to 210 °C, 240 °C and 170 °C respectively, and held 

isothermally for 60 minutes to ensure removal of the cocrystal former from the crystal.  

These samples were then immediately tested for impact sensitivity.  After phase 

separation impact sensitivity for all of the cocrystals was similar to that of δ-HMX, as 
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demonstrated by a drop height of 29 cm for HMX/DMF, 27 cm for HMX/ thieno[3,2-

b]thiophene and 27 cm for HMX/2-picoline-N-oxide.  By exploiting both the insensitivity 

of the cocrystal form and the ease of regeneration to δ-HMX these cocrystals provide a 

means to safely transport HMX and then selectively prepare the energetic for use. 

3.3 Conclusions 

HMX forms cocrystals with a wide variety of cocrystal formers in three distinct 

motifs: chair-chair/layered, chair-chair/pocket and chair/layered.  These motifs are a 

direct result of the electronic character of the cocrystal formers, their specific interactions 

with HMX and their size.  The regularity with which these patterns form suggests 

consistent driving forces for their formation that can be exploited in further cocrystal 

engineering of HMX. 

The properties of these cocrystals are influenced by the structural motif adopted.  

In particular, trends in the density and packing coefficient as well as the thermal 

properties of the cocrystals correlate with the structural motif present. Additionally, the 

HMX cocrystals afford a tremendous reduction in sensitivity in comparison to pure 

HMX. Coupled with the ability to selectively remove the cocrystal formers, these 

cocrystals serve well to provide safer energetics that can be selectively "activated."  From 

these findings, novel HMX cocrystals can be designed by searching for cocrystal formers 

likely to produce the desired structure and properties.  

3.4 Experimental 

3.4.1 Materials 

2-Bromoaniline (98%), 2-pyrrolidone (98%), 1,4-piperazinedicarboxaldehyde 

(98%), and 2-picoline-N-oxide (98%) were obtained from Acros Organics (New Jersey, 

USA).  1,2-Phenylenediamine (99.5%), 3,4-diaminotoluene (97%), and 4-picoline-N-

oxide (98%) were obtained from Aldrich, (St. Louis, MO). 4-Fluoroaniline (98%) was 

obtained from Aldrich (Milwaukee, WI).  N,N-Dimethylformamide (Synthesis, Fisher 

BioReagent) and N-methyl-2-pyrrolidone (Fisher BioReagents) were obtained from 
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Fisher Scientific.  Thieno[3,2-b]thiophene was synthesized and purified according to the 

published procedure.36  1,3,5,7-Tetranitro-1,3,5,7-tetrazacyclooctane (HMX) was 

obtained from both the China Lake Naval Air Weapons Station and the Indian Head 

Naval Surface Warfare Center. Caution! 1,3,5,7-Tetranitro-1,3,5,7-tetrazacyclooctane 

(HMX) is an explosive material and care should be exercised in avoiding excessive heat, 

static electricity and mechanical shock! 

3.4.2 Cocrystal Formation 

HMX/1,4-Piperazinedicarboxaldehyde, HMX/2-bromoaniline, and 

HMX/thieno[3,2-b]thiophene were prepared in a 1:1 molar ratio, while HMX/2-

pyrrolidone and HMX/4-fluoroaniline were prepared in 1:10 molar ratio.  HMX/4-

Picoline-N-oxide was prepared in a 2:3 ratio and HMX/2-picoline-N-oxide in a 1:2 ratio.  

In all of these samples HMX and the cocrystal former were dissolved in acetonitrile 

(Fisher Chemical, HPLC Grade), in a sufficient amount to ensure full dissolution, placed 

in 4 mL glass vials and left to evaporate at room temperature.  In the case of HMX/1,2-

phenylenediamine and HMX/3,4-diaminotoluene, cocrystals were prepared in a 3:4 ratio, 

dissolved in a sufficient volume of acetonitrile, deposited in a polypropylene 96 well 

plate and left to evaporate at room temperature.  To achieve larger, pure sample quantities 

of HMX/1,4-piperazinedicarboxaldehyde, samples in both a 1:1 and 1:3 ratio were 

prepared, dissolved in acetonitrile, placed in a 96 well polypropylene plate and left to 

evaporate at room temperature. The mass of HMX employed for HMX cocrystal 

formation ranged from 0.5 to 20 mg as measured on a Sartorius ME36S microbalance (± 

0.005 mg).   

3.4.3 Raman Spectroscopy 

Raman spectra were obtained using a Renishaw inVia Raman Microscope 

equipped with a 514 nm argon ion laser, a 785 nm diode laser and a RenCam CCD 

detector.  The 514 nm argon ion laser employed an 1800 lines/mm grating and a 50 μm 

slit while the 785 nm diode laser employed a 1200 lines/mm grating and a 65 μm slit.  

Spectra were collected and analyzed using the WiRE 3.1 software package (Renishaw).  

Calibration was performed using a silicon standard.  Spectra were collected using an 

Olympus SLMPlan 20× objective (numerical aperture = 0.35) in extended scan mode 
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with a range of 100-3800 cm-1.  Spectra were further analyzed using ACD/SpecManager 

Version 12.01 software (ACD/Labs). 

3.4.4 Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) patterns were collected at room temperature 

using a Rigaku R-Axis Spider diffractometer with an image plate detector and graphite 

monochromated Cu-Kα radiation (λ = 1.54187 Å).  Samples were mounted on a 

CryoLoop™ and images were collected for ten minutes while rotating the sample about 

the φ-axis at 10°/sec, oscillating ω between 120° and 180° at 1°/sec with χ fixed at 45°.  

Images were integrated from 2 to 70° with a 0.01° step size using AreaMax 2.0 software 

(Rigaku).  Powder patterns were processed using Jade 8 XRD Pattern Processing, 

Identification & Quantification analysis software (Materials Data, Inc). 

3.4.5 Single Crystal X-ray Diffraction 

Single crystal diffraction data for HMX/1,2-phenylenediamine, HMX/3,4-

diamintoluene, HMX/4-fluoroaniline, HMX/thieno[3,2-b]thiophene, HMX/1,4-

piperazinedicarboxaldehyde, and HMX/2-picoline-N-oxide were collected using a Rigaku 

R-Axis Spider diffractometer with an image plate area detector using graphite 

monochromated Cu-Kα radiation (λ = 1.54187 Å) operated at 2.0 kW power (50 kV, 40 

mA) with the sample mounted on a MiTeGen MicroMount™. The X-ray intensities were 

measured at 95(2) K with the detector at a distance 127.00 mm from the crystal.  Single 

crystal diffraction data for HMX/2-pyrrolidone was collected using a Rigaku AFC10K 

Saturn 944+ CCD-based X-ray diffractometer equipped with a low temperature device 

and Micromax-007HF Cu-target micro-focus rotating anode (λ = 1.54187 Å) operated at 

1.2 kW power (40 kV, 30 mA).  The X-ray intensities were measured at 85(1) K with the 

detector placed at a distance 42.00 mm from the crystal.  All data were processed with 

CrystalClear 2.0 (Rigaku) and corrected for absorption using an empirical absorption 

correction.  HMX/4-fluoroaniline crystallizes as a 50/50 racemic twin (refined twin scale 

factor 0.49(18)). Therefore for this data set, the scaling and absorption correction routines 

treated Friedel opposites as independent reflections so that any small anomalous signal in 

the intensities was preserved.  Structures were solved by direct methods37,38 refined and 

expanded using the CrystalStructure 4.039 crystallographic software package (Rigaku).  
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Non-hydrogen atoms were refined anisotropically.  Hydrogen atoms were placed using 

the riding model, with the exception of the hydrogen atoms in HMX/4-fluoroaniline and 

hydrogen atoms participating in hydrogen bonding in HMX/1,2-phenylenediamine and 

HMX/3,4-diaminotoluene, which were refined isotropically.  Full-matrix least-squares 

refinement was made on F2. For determination of intermolecular distances all carbon-

hydrogen, nitrogen-hydrogen and oxygen-hydrogen bond lengths were normalized to 

1.083 Å, 1.008 Å and 0.983 Å respectively. HMX/1,2-phenylenediamine and HMX/3,4-

diamintoluene can be modeled in both the Pna21 and the Pnma space groups.  When 

considering the Pna21 model, mirror symmetry was observed for both cocrystals, 

favoring the choice of Pnma.  Furthermore, in comparison to the Pnma models, the Pna21 

models display more significantly distorted thermal ellipsoids in the cocrystal former.  

For these reasons, Pnma was used for these cocrystals. The HMX/2-pyrrolidone cocrystal 

was modeled in the P63/m space group with disorder of the 2-pyrrolidone over a mirror 

plane.  This disorder is present in the P63 model as well, so the highest symmetry space 

group was selected.  HMX/2-picoline-N-oxide could only be grown as small, marginal 

quality crystals, and therefore, despite considerable effort using multiple crystals on at 

least two X-ray diffractometers, the values of R1 = 0.1541 and wR2 = 0.3597 were the 

best that could be obtained.  

3.4.6 Differential Scanning Calorimetry 

Thermograms of the samples were recorded on a TA Instruments Q10 differential 

scanning calorimeter and programmed using Thermal Advantage for Q Series Version 

2.5.  Samples (0.3-1.5 mg, weighed to a precision of ± 0.005 mg) were placed in hermetic 

aluminum pans and the lids were crimped using a TA-Instruments hermetic sealing press.  

Thermal behavior of the samples from 25 to 360 °C was studied under a nitrogen purge 

of 50.0 mL/min at a heating rate of 10 °C/min.  The instrument was calibrated with an 

indium standard.  Data were analyzed using Universal Analysis 2000 4.3 software (TA-

Instruments-Waters LLC). 

3.4.7 Thermomicroscopy 

Thermomicroscopy was performed with a Linkham LTS 350 hot stage connected 

to a Linkham TMS 94 processor and controlled using Linksys32 Version 1.9.3 software, 
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viewed under polarized light with a Nikon Eclipse E600 microscope.  Thermal transitions 

were observed optically for comparison with DSC data.  Samples were heated from room 

temperature at a rate of 10 °C/min to temperatures ranging from 200 to 350 °C.  

Temperatures both before and past the detonation temperature were tested for all 

samples.  Sample heated to a point prior the detonation temperature were immediately 

probed using Raman spectroscopy.     

3.4.8 Calculations 

Packing coefficients were calculated by using the following equation: 

Ck = ZVmolVcell
−1 , where Ck is the packing coefficient, Z is the number of molecules in the 

unit cell, Vmol is the molecular volume (Å3), and Vcell is the volume of the unit cell.  

Molecular volume was calculated with Spartan '10 version 1.0.1 (Wavefunction, Inc.), 

which employs van der Waals radii of 1.8855 Å for bromine, 1.5138 Å for fluorine, 

1.9200 Å for carbon, 1.2000 Å for hydrogen, 1.5500 Å for nitrogen, 1.5200 Å for 

oxygen, and 1.8153 Å for sulfur. 

Calculations of the electrostatic potential energy density surfaces for HMX and 

the cocrystal formers were performed using semi-empirical methods with the AM1 model 

available in Spartan '10 version 1.0.1 (Wavefunction, Inc.).  All surfaces were normalized 

between -25 and 25 kJ/mol.  

3.4.9 Drop Weight Impact Sensitivity Tests 

Sensitivities of the cocrystals were determined using an in-house-constructed 

drop-weight test.  Samples of 0.50 ± 0.05 mg were enclosed in aluminum pans and 

impacted with a 5 lb weight.  β-HMX and δ-HMX were used as benchmarks for 

sensitivity and demonstrated a 50% probability to detonate (h50%) when impacted from 

heights of 45 cm and 27 cm respectively. 

HMX cocrystals were phase separated through gentle heating.  HMX/thieno[3,2-

b]thiophene samples were heated at 10 °C/min to 210 °C and held isothermally for 60 

minutes.  HMX/DMF samples were heated at 10 °C/min to 240 °C and held isothermally 

for 60 minutes.  HMX/2-picoline-N-oxide samples were heated at 10 °C/min to 170 °C 

and held isothermally for 60 minutes.  Phase separation of these cocrystals was monitored 

using both DSC (see above) and thermogravimetric analysis (TGA) using a TGA Q50 
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instrument from TA-Instruments-Waters LLC; these data were analyzed using Universal 

Analysis 2000 4.3 software (TA-Instruments-Waters LLC).  Sample masses for the 

phase-separation drop tests were designed so that either 0.5 or 1.0 mg of HMX (in the δ 

form) would remain.  In the case of HMX/thieno[3,2-b]thiophene and HMX/2-picoline-

N-oxide, 0.5 mg HMX equivalent samples detonated at 27 cm.  In the case of HMX/DMF 

the 1.0 mg HMX equivalent sample was found to detonate at 29 cm. 
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 Chapter 4 Energetic-Energetic Cocrystals of Diacetone Diperoxide  
 

Unpublished work 

4.1 Introduction 

In the previous two chapters, the focus was exclusively on nitro-containing 

energetics.  While this comprises a significant portion of known organic energetic 

materials, many viable energetic materials that do not contain these functional groups 

exist as attractive targets for cocrystal formation.  In particular, the acetone peroxides, 

first discovered in 1895 by Wolffenstein et al.,1 are desirable potential cocrystal formers 

not only for their cheap and facile synthesis, but also for the electron-rich peroxide 

moieties that compliment the electron-poor rings found in most known energetic 

materials.  The two most common molecules of this class of energetics are triacetone 

triperoxide (TATP) and diacetone diperoxide (DADP) (Figure 4.1).  Of the two, TATP is 

far more common and infamous, having a more facile synthetic route and has been 

utilized by terrorists.  Less common is DADP, which is more thermodynamically stable 

than TATP2 and, due to the strain of the six-membered ring, features electron-rich 

peroxide oxygen atoms that are accessible for non-covalent interactions.  Based on this 

feature and the favorable electrostatic interactions postulated above, three novel 

energetic-energetic cocrystals were designed to include DADP and are presented here: 

DADP/1,3,5-trichloro-2,4,6-trinitrobenzene (TCTNB), DADP/1,3,5-tribromo-2,4,6-

trinitrobenzene (TBTNB), and DADP/1,3,5-triiodo-2,4,6-trinitrobenzene (TITNB). These 

cocrystals represent a successful application of cocrystal engineering theory. 
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Figure  4.1 Chemical structures of TATP and DADP 

These cocrystals further understanding for the cocrystallization of energetic 

materials. The halogenated trinitrobenzene cocrystal formers are very similar in structure, 

exchanging only the identity of the halogen atom present, and this allows for an 

investigation of the delicate balance of energy in cocrystal formation and the differences 

that atom size and polarizability can have on the final crystalline structure.  This series of 

cocrystals also, in contrast to earlier reports, demonstrates the possibility of energetic-

energetic cocrystals that do not reduce the sensitivity with respect to the most sensitive 

component.  They provide an interesting case study on the poorly understood interplay of 

chemical and solid state factors that influence energetic material sensitivity.  The 

cocrystals presented here retain the high sensitivity of DADP while adding the power of 

the trihalotrinitrobenzenes, making these attractive as cocrystalline primary explosives.  

Additionally, cocrystallization is shown for the first time to provide an experimental 

means to probe mechanisms for sensitivity observed in energetic materials.   

4.2 Results and Discussion 

DADP forms energetic-energetic cocrystals with TCTNB, TBTNB and TITNB.  

To better understand the interactions promoting cocrystal formation, these cocrystals 

were structurally elucidated by single crystal X-ray diffraction.  Materials properties were 

also examined to determine the effect of halogen substitution as well as the extent of 

improvement in explosive power with respect to DADP that is possible through 

cocrystallization.  While many of the results follow logically from earlier findings about 

energetic cocrystallization, the DADP cocrystals presented a few unique results that have 
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wider implications not only for the study of energetic cocrystallization, but for 

cocrystallization in general. 

4.2.1 Structure of DADP Cocrystals  

High quality single crystals of each cocrystal, DADP/TCTNB, DADP/TBNTB 

and DADP/TITNB, were grown and structurally elucidated by X-ray diffractometry.  

While DADP/TCTNB and DADP/TBNTB are nearly isostructural (Table 4.1), the 

DADP/TITNB cocrystal exhibits unique packing (Figure 4.2).  Even though all of the 

cocrystals have molecular layers, those of DADP/TCTNB and DADP/TBTNB could 

roughly be described as face-to-face whereas the layers in DADP/TITNB are more aptly 

described as edge-to-face.  This difference in the orientation of the molecules with 

respect to each other is in part due to a difference in intermolecular interactions.  Thus 

differences in the steric environment and strength of interactions between the cocrystal 

formers translate to differences in the observed crystal structures. 
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Table  4.1 Crystal structure information for DADP cocrystals and pure TBTNB and 
TITNB. 

 DADP/TCTNB DADP/TBTNB DADP/TITNB TBTNB TITNB 

MW (g/mol) 464.60 597.98 738.95 449.82 590.79 

color colorless colorless colorless colorless colorless 

morphology prism needle block needle prism prism 

crystal system monoclinic monoclinic monoclinic monoclinic monoclinic 

space group C 2/c C 2/c C 2/c P 21/c I 2/a 

a (Å) 14.4125(10) 14.6110(15) 25.909(2) 10.0427(4) 10.9062(8) 

b (Å) 15.2577(2) 15.4570(14) 10.0061(7) 9.6251(4) 9.9510(6) 

c (Å) 9.0616(2) 9.0938(8) 8.2501(8) 12.5715(9) 12.8568(19) 

α (°) 90 90 90 90 90 

β (°) 91.429(6)  92.496(6) 97.684(7) 94.829(7) 92.754(10)  

γ (°) 90 90 90 90 90 

volume (Å3) 1992.04(15) 2051.8(3) 2119.6(3) 1210.87(11) 1393.7(2)  

ρcalc (g/cm3) 1.549 1.936 2.316 2.467 2.816 

Z 4 4 4 4 4 

data/param 1829/166 1793/166 1851/148 2121/163 1232/84 

R1/wR2 5.43/12.71 5.23/10.08 6.46/15.26 4.09/12.27 4.22/10.62 

GOF 1.158 1.025 1.228 1.222 1.194 

crystal size 
(mm) 0.22 × 0.17 × 0.07 0.29 × 0.03 × 0.02 0.18 × 0.06 × 0.03 0.26 × 0.09 × 0.07 0.13 × 0.10 × 0.09

temperature rt rt 95 K 95 K rt 
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Figure  4.2. Crystal packing for the DADP cocrystals with a) TCTNB b) TBTNB c) 
TITNB.  Disorder of the DADP ring has been omitted for clarity.  

4.2.1.1  Interactions in DADP Cocrystals 

In many of the energetic cocrystals previously discovered it has been noted that 

favorable electrostatic interactions make a significant contribution in the formation of 

cocrystals.3  Indeed, it was the supposed favorable interaction between the electron-rich 

peroxide moieties of DADP and the electron-poor aromatic rings of aromatic energetic 

materials that prompted the search for these cocrystals.  The general interaction can be 

well understood when considering the distribution of electrostatic potential density for 

these materials (Figure 4.3).  Certainly, in the DADP/TCTNB and DADP/TBTNB 

cocrystals an interaction between oxygen atoms of DADP and the halogenated 

trinitrobenzene rings is clearly observed (Figure 4.4).  This interaction is analogous to 

those previously discovered for energetic cocrystals with electron-rich cocrystal formers, 

including most TNT cocrystals and the chair-chair/layered motif cocrystals of HMX.3,4  
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While this electrostatic interaction with the peroxide of DADP seems to be important in 

driving the cocrystallization of DADP/TCTNB and DADP/TBTNB, it is not present in 

the DADP/TITNB cocrystal.  Instead, the electron-rich peroxide moiety of DADP very 

clearly donates into the sigma hole of the iodine atoms of TITNB (Figure 4.4).  While 

crystal structures do not necessarily provide information about the strength of 

intermolecular interactions, it is significant to note that the I···O interaction in 

DADP/TITNB is the shortest interaction observed for all of the cocrystals. At 2.95 Å it 

was 0.55 Å shorter than the combined van der Waals radii of oxygen and iodine: 3.5 Å. 

 
Figure  4.3 Electrostatic potential surfaces were calculated using the semi-empirical 
method and the AM1 model for DADP and all three halogenated trinitrobenzenes.  Red 
and blue surfaces represent electron rich and poor regions, respectively, with colors 
representing values between -50 and 50 kJ/mol. 
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Figure  4.4 Intermolecular interaction of the peroxide oxygen atoms of DADP with a) the 
benzene ring of TCTNB observed in both the DADP/TCTNB and DADP/TBTNB and b) 
the iodine atom of TITNB in the DADP/TITNB cocrystal.  Disorder of the DADP ring is 
omitted for clarity. 

Halogen bonding interactions feature significantly in all of the DADP cocrystals.  

While halogen-nitro interactions are reported in the literature,5-11 the DADP cocrystals 

are the first known energetic cocrystals to exhibit this interaction.  In the case of the 

DADP/TITNB cocrystal the I···O interaction is not the only halogen bonding interaction 

observed; iodo-nitro interactions are also present and allow for the formation of infinite 

chains of TITNB ( C1
2(8)[R1

2(4)]).  These interactions are exclusively mono-dentate bi-

coordinated interactions (Figure 4.5).  Halogen-nitro interactions also appear prominently 

in both DADP/TCTNB and DADP/TBTNB as well.  Like DADP/TITNB, infinite chains 

of halogenated trinitrobenzene are observed.  However in contrast to DADP/TITNB, two 

distinct infinite chains of halogenated trinitrobenzene are formed through bi-dentate and 

mono-coordinated interactions (C1
1(8)[R1

1(10)]) (Figure 4.5).  Given the presence of these 

halogen interactions, it is hypothesized that these may be significant in promoting the 

formation of these cocrystals.   
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Figure  4.5 Halogen-nitro interactions (DADP not pictured) for a) the DADP/TCTNB 
cocrystal showing the bidentate, monocoordinated interaction found in the 
DADP/TCTNB and DADP/TBTNB cocrystal and b) the DADP/TITNB cocrystal 
exhibiting the monodentate bicoordinated interaction. 

The differences in the crystal packing between the DADP/TITNB cocrystal and 

both the DADP/TCTNB and DADP/TBTNB cocrystals reveal the collective effects of 

steric hindrance, distribution of electron density, and intermolecular interactions due to 

halogen substitution.  With each increase in atomic radius, from chlorine to bromine to 

iodine, steric interference increases prohibiting potential interactions between the 

peroxide moiety of DADP and the electron-poor ring of the halogenated trinitrobenzene.  

Distribution of electron density influences the observed interactions as well.  In 

particular, the polarizability of the halogen atoms influences the size of the sigma hole 

responsible for halogen bonding.  The iodine atom is also most polarizable, followed by 

the bromine atom and then the chlorine atom.12-16  The polarizability of the iodine atom 

may allow for the I⋅⋅⋅O interaction with the DADP ring, where this interaction is not 
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observed for DADP cocrystals with TCTNB or TBTNB.  Notably, even though the 

bromine atom also shows more polarization than the chlorine atom, this polarization is 

not sufficient for bromine to interact with DADP in the DADP/TBTNB cocrystal in the 

same way that iodine does in TITNB.  

4.2.1.2  Hirshfeld Surface Calculations 

A comprehensive examination of the interactions within the DADP cocrystals 

through Hirshfeld surface calculations reinforces the similarity between the 

DADP/TCTNB and DADP/TBTNB cocrystals and the differences in the DADP/TITNB 

cocrystal compared to the other two.  By measuring the closest point of contact from the 

center of each atom of a molecule to surrounding molecules, Hirshfeld surfaces allow for 

a comprehensive consideration of all the close contact in a crystal structure.17  A 

summary of observed close contacts from Hirshfeld surface calculations is shown in 

Figure 4.6.  All of the DADP cocrystals have similar amounts of halogen-oxygen 

interactions, despite the different halogen interactions observed in these cocrystals.  In 

considering the other interactions, the DADP/TITNB cocrystal is noticeably different.  

For instance, the DADP/TITNB cocrystal has halogen-halogen interactions which are not 

observed in the other cocrystals but are featured in the pure halogenated trinitrobenzenes. 

The Hirshfeld surfaces very clearly reinforce the differences of the DADP/TITNB 

cocrystal. 
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Figure  4.6 A summary of total close contacts for the DADP cocrystals and pure cocrystal 
formers as calculated using Hirshfeld surfaces.17  X is used to symbolize either chlorine, 
bromine or iodine depending on the identity of the cocrystal or cocrystal former. 
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4.2.2 A Kinetic Cocrystal: DADP/TBTNB 

While the DADP/TITNB cocrystal is clearly unique in structure, it is also critical 

to note that the thermodynamic stability of the nearly isostructural DADP/TCTNB and 

DADP/TBTNB cocrystals is very different.  The DADP/TCTNB cocrystal is 

thermodynamically stable compared to its cocrystal formers.  In contrast to this the 

DADP/TBTNB cocrystal can only be accessed as a kinetic form and is 

thermodynamically unstable compared to DADP and TBTNB.  It is a kinetic cocrystal.   

Kinetic cocrystals are cocrystals that, when placed in a thermodynamic 

equilibrium, are unstable relative to their own pure components.  Though kinetic forms 

are a well-known phenomenon in single component crystals systems, to date, kinetic 

cocrystals are unknown in the literature.  Similar kinetic forms must exist for cocrystal 

systems, however, though with more complex thermodynamic relationships, as multiple 

chemical species and solid forms are involved.  For cocrystals, the potential for kinetic 

forms is largely unconsidered as the common model of discovery often reveals only 

cocrystals that are more thermodynamically favorable than the pure constituents.18-23  

Even in cases where metastable polymorphs of cocrystals exist these forms are always 

thermodynamically favored with respect to the cocrystal formers (thermodynamic 

forms).22,24-26  Because researchers fail to consider kinetic cocrystals they may miss a 

large and unexplored phase space for cocrystal discovery. 

The DADP/TBTNB cocrystal was initially discovered through solvent 

evaporation from acetonitrile, but it was produced in very low yield and amid the 

concomitant growth of large portions of pure DADP and TBTNB.  In attempts to scale up 

the cocrystal for further analysis, it was observed that this cocrystal could not be formed 

via most commonly employed crystallization methods, such as solvent mediated 

transformation, and could not even be reliably reproduced from solvent evaporation in 

ways similar to that in which the cocrystal was discovered.  One of the few reliable 

methods of formation was to cool solutions supersaturated with both DADP and TBTNB 

in a solvent that was poor for both compounds.  The lack of cocrystal formation in a wide 

screen of crystallization conditions inspired careful examination of the possibility that 

DADP/TBTNB is a kinetic cocrystal. 
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4.2.2.1  Solvent-mediated Thermodynamic Experiments 

When solid forms are in equilibrium with a solution, the system allows for the 

transformation of a solid into its most thermodynamically stable form.  This technique 

provides an unambiguous means to determine the most stable form of a compound by 

providing equilibrium conditions.  If a solvent is poor for a particular material, the 

transformation could take longer, but the direction of the equilibrium is inherent for the 

materials and should not change at a given temperature and pressure.  To compare the 

stability of the DADP/TBTNB cocrystal to its pure components, slurries of DADP with 

TBTNB at room temperature were made.  To consider possible kinetic factors or 

differences in solubility that might influence the kinetics a wide range of solvents were 

tested.  Even after allowing the cocrystal formers to be in contact with solution for one 

week at room temperature, with all solvents employed no cocrystal formation was 

observed.  This indicated that the DADP/TBTNB cocrystal could be less 

thermodynamically stable than the pure components at room temperature. 

It is possible in solvent-mediated transformation, however, that a more 

thermodynamically stable form may not be accessed if the potential kinetic barrier is too 

high for this transformation to occur.  To reduce the potential kinetic barrier at room 

temperature, cocrystal seeds were added to saturated solutions of DADP and TBTNB.  

Still, no cocrystal formation was observed; rather, the disappearance of the cocrystal seed 

was observed.  To investigate this further and to provide as much cocrystal seed as 

possible, solutions saturated with DADP and TBTNB were added to vials containing the 

cocrystal.  In all cases dissolution of the cocrystal was observed.  In good solvents for 

DADP and TBTNB this dissolution took significantly less than 30 seconds (see Appendix 

3).  Even in cyclohexane, which is a poor solvent for both compounds, dissolution 

occurred in less than an hour.  Only in the case of water, in which neither DADP nor 

TBTNB is substantially soluble, did dissolution take more than one hour.  In all cases, the 

DADP/TBTNB cocrystal was shown to be less thermodynamically stable than saturated 

solutions of DADP and TBTNB at room temperature, thus validating the hypothesis that 

DADP/TBTNB is a kinetic cocrystal at room temperature.  

To the best of our knowledge the DADP/TBTNB cocrystal represents the first 

reported case of a kinetic cocrystal.  When placed in equilibrium with a saturated solution 
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of both cocrystal formers, the cocrystal spontaneously converts to the pure components, 

indicating that the cocrystal is more soluble than the pure forms of its components.  Due 

to this thermodynamic instability, this cocrystal can only be accessed through kinetic 

growth conditions.  Once formed, the cocrystal is metastable and can be stored in a sealed 

environment saturated with DADP vapor to prevent sublimation of DADP from the 

cocrystal.  The discovery and characterization of this cocrystal holds considerable 

implications for the field of cocrystallization as it indicates that possible cocrystals may 

remain undiscovered due to the widespread use of cocrystallization methods that favor 

thermodynamic forms.  Moreover, the fact that potential cocrystals might only be 

accessible using kinetic crystallization methods has significant implications for areas in 

which cocrystals are being applied, including the development of pharmaceutical 

compounds,27-34 non-linear optical35-38 and opto-electronic materials.39,40  

4.2.2.2 Halogen Substitution and the Stability of the DADP Cocrystals 

The thermodynamic instability of the DADP/TBTNB cocrystal with respect to its 

pure components, the fact that the DADP/TBTNB cocrystal is nearly isostructural with 

the DADP/TCTNB cocrystal (which is thermodynamically stable compared to its 

cocrystal formers), and that DADP/TITNB forms a completely distinct structure suggests 

that the halogen substitution influences the stabilities of these materials.  The increase of 

steric interference by the substitution from chlorine to bromine may be partly responsible 

for the loss in stability.  It is very likely that a DADP/TITNB cocrystal isostructural with 

the DADP/TCTNB and DADP/TBTNB cocrystals would be similarly thermodynamically 

unstable.  In the case of TITNB, however, the I⋅⋅⋅O interaction is sufficiently strong to 

allow for an alternative cocrystal structure.  The fact that DADP and TBTNB do not form 

an isostructural cocrystal with the DADP/TITNB cocrystal suggests that the Br⋅⋅⋅O 

interaction with the peroxide oxygen atoms is not sufficiently strong.  The 

DADP/TBNTB cocrystal appears to be caught in the middle between two thermodynamic 

minima and adopts the DADP/TCTNB structure rather than the DADP/TITNB structure.  

These cocrystals show the influence that slight substitutions can have in resulting 

cocrystal forms and demonstrate the care that must be taken in screening for cocrystals.  
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4.2.3 Properties of DADP Cocrystals 

Cocrystallization of DADP with halogenated trinitrobenzenes generally affords 

substantial improvements with respect to DADP for many key performance metrics for 

explosives.  While the alteration and improvement of explosive properties through 

cocrystallization is known in the literature,3,4,41-43 it is significant to note that 

cocrystallization effectively transforms an energetic material with unfavorable properties 

that limit its application into an energetic material with properties comparable to or better 

than commonly used explosives.  

4.2.3.1  Density 

Since density has significant influence over the power of detonation, specifically 

the detonation velocity and pressure, high density is desirable for energetic materials.  All 

of the DADP cocrystals show improved density with respect to DADP (Table 4.2).  The 

density of DADP/TCTNB is increased to 1.549 g/cm3, which is significantly greater than 

that of DADP (1.330 g/cm3).  In the cases of DADP/TBTNB and DADP/TITNB the 

densities are even more significantly improved to 1.950 and 2.259 g/cm3, respectively.  

For the DADP/TBTNB and DADP/TITNB cocrystals these densities are greater than 

most commonly employed organic energetic materials such as pentaerythritol tetranitrate 

(PETN, 1.778 g/cm3), 1,3,5-trinitro-1,3,5-trinitroazacyclohexane (RDX, 1.840 g/cm3), 

1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX, 1.903 g/cm3), and 3-nitro-1,2,4-

triazole-5-one (NTO, 1.916 g/cm3).  Perhaps even more remarkable, the density for the 

DADP/TITNB cocrystal far surpasses even that of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20, 2.044 g/cm3), which is the densest organic energetic 

material utilized.  The cocrystal densities are in between the densities of both cocrystal 

formers (Table 4.2).  However, the pure halogenated trinitrobenzenes are difficult to 

detonate by impact, so despite some loss in density with respect to these materials 

through cocrystallization, the ability to detonate is greatly improved.  Therefore 

cocrystallization provides an opportunity to improve the properties of both energetic 

materials.  Density is improved with respect to DADP and the halogenated 

trinitrobenzenes become more effective secondary and primary explosives.  
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Table  4.2 Room temperature crystallographic density and calculated packing coefficient 
for DADP, DADP cocrystals and halogenated trinitrobenzenes. 

 density (g/cm3) PC (%)

DADP 1.309 79.6%

DADP/TCTNB cc 1.549 72.8%

TCTNB 1.915 74.7%

DADP/TBTNB cc 1.936 74.8%

DADP/TITNB cc 2.259 84.2%

TBTNB 2.402 69.9%

TITNB 2.815 68.4%

  

4.2.3.2 Packing Coefficient 

The packing coefficients of these materials provide insight into another effect of 

the halogen substitution in packing for the DADP cocrystals (Table 4.2).  The packing 

coefficient for the DADP/TBTNB cocrystal is between that of both cocrystal formers.  

For the DADP/TCTNB cocrystal, however, the packing coefficient of the cocrystal is 

lower than that of either cocrystal former.  Since the introduction of void space in a 

crystal is generally not favorable,44-46  this may indicate the presence of interactions that 

promote the formation of the DADP/TCTNB cocrystal.  As the DADP/TCTNB and 

DADP/TBTNB cocrystals are nearly isostructural, the difference in the packing 

coefficients can be explained due to the size of the halogen atoms.  The DADP/TITNB 

cocrystal has a higher packing coefficient than either cocrystal former.  Considering the 

polarizability of the iodine atom and the short interactions present in this cocrystal it 

seems likely that the high packing coefficient is due in part to the presence of iodine. 

4.2.3.3  Oxygen Balance 

Oxygen balance is another key concern for energetic materials.  This value 

describes, in terms of weight percent of oxygen, how much oxygen is in excess or lacking 

for a perfectly balanced explosion reaction to occur.  If there is too much oxygen, the 

power of the explosive will be diminished, while if there is too little oxygen, the far more 

common case for organic energetic materials, not only will the power be diminished, but 

instead of reacting cleanly to produce carbon dioxide, water, nitrogen gas or other 

relatively benign compounds, more toxic gases such as carbon monoxide will be 
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produced.  While mixtures of inorganic over-oxidized explosives are often blended with 

organic explosives, cocrystallization offers a unique opportunity to balance the oxygen 

content on a molecular level.  

The cocrystallization of DADP with the halogenated trinitrobenzenes greatly 

improves the oxygen balance with respect to DADP (Table 4.3).  The oxygen balance of 

the DADP/TCTNB cocrystal is comparable with that of TNT, one of the most commonly 

used explosives.  The DADP/TBTNB and DADP/TITNB cocrystals show even more 

improvement in the oxygen balance.  While the addition of heavier halogens appears to 

improve this property, this is in part an effect of the oxygen comprising a smaller percent 

of the overall weight, so the effective oxygen deficiency for all of the cocrystals are the 

same on a molar basis.  Nevertheless, DADP is highly oxygen deficient and 

cocrystallizing with the halogenated trinitrobenzenes provides energetic materials with 

more oxygen with respect to DADP, therefore lending the cocrystals greater power. 

Table  4.3 Oxygen balances (OB) for DADP, DADP cocrystals and pure halogenated 
trinitrobenzenes. 

 OB (%) 

TITNB -12.19% 

TBTNB -16.01% 

TCTNB -22.75% 

DADP/TITNB cc -40.07% 

DADP/TBTNB cc -49.50% 

DADP/TCTNB cc -63.71% 

DADP -151.19% 

 

4.2.3.4  Thermal Properties of DADP Cocrystals 

While the acetone peroxides are attractive for their cheap and facile synthesis, 

these explosives have properties, including a low detonation temperature and excessive 

volatility, which have hindered their widespread use.  Cocrystallization provides an 

opportunity to alter these properties.  The DADP cocrystals demonstrate improved 

stability with respect to DADP loss and alter the thermal characteristics with respect to 

both cocrystal formers.  This mitigation of some DADP loss demonstrates progress in 
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transforming energetic materials with one or two characteristic that prevent them from 

being fielded into viable materials.   

DADP sublimes at room temperature.47-49  Though DADP still sublimes out of the 

cocrystals, it does so at a reduced rate.  This demonstrates the ability to reduce volatility 

for materials through cocrystallization.  Additionally, the rate of DADP loss reveals the 

comparative strength of interactions between DADP and the halogenated trinitrobenzenes 

in the cocrystals.  To quantitatively study the loss of DADP, the partial vapor pressure of 

DADP was determined by measuring the mass loss from a vapor effusion cell at a 

constant temperature of 40 °C.  It is interesting to note that the DADP/TCTNB and 

DADP/TBTNB cocrystals show a similar decrease in DADP vapor pressure (Table 4.4), 

though DADP is slightly more volatile in the DADP/TBTNB cocrystal.  Considering that 

the DADP/TCTNB and DADP/TBTNB cocrystals are nearly isostructural, this similarity 

in vapor pressure may suggest that the interactions within these cocrystals are of 

comparable strength.  Remarkably, the DADP/TITNB cocrystal exhibits more than an 

order of magnitude reduction in the partial vapor pressure of DADP.  This is a 

significantly greater reduction than that observed in either the DADP/TCTNB or 

DADP/TBTNB cocrystal and could likely be due to the presence of significantly stronger 

interactions with DADP present in the DADP/TITNB cocrystal.  In particular, the I⋅⋅⋅O 

interaction could be responsible for reducing DADP loss.  These cocrystals demonstrate 

that cocrystallization can improve the stability of volatile energetic materials like DADP.  

Cocrystal formers that form strong interactions with the peroxide of the acetone 

peroxides, therefore, could reduce the vapor pressure of this material to make it useable. 

Table  4.4 Partial vapor pressure of DADP for pure DADP and the DADP cocrystals 
using a vapor effusion cell at 40 °C 

compound partial vapor pressure (Pa) 

DADP 0.332 

DADP/TCTNB cocrystal 0.153 

DADP/TBTNB cocrystal 0.187 

DADP/TITNB cocrystal 0.028 
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Cocrystallization also alters the thermal profile of these materials with respect to their 

pure components.  When heating cocrystals two different phenomena have been 

observed: a) the cocrystal behaves as one unique compound, as is the case for cocrystals 

of TNT with aromatic compounds,4 or b) the components of the cocrystal separate when 

heated, as is the case for HMX cocrystals3 CL-20/TNT41 and CL-20/HMX (2:1).42  Due 

to the high volatility of DADP, it is no surprise that when heating these cocrystals, DADP 

sublimes out of the cocrystal first.  In the cocrystals, similar temperatures for DADP loss 

is observed.  This is followed by sublimation of the halogenated trinitrobenzenes, melting 

and then decomposition.  The temperatures for these are similar to those of the pure 

halogenated trinitrobenzenes.  It is also worth noting that TCTNB and TCTNB have clear 

melting points before decomposition, whereas TITNB, never melts but only decomposes 

at about 395˚C.  

4.2.3.5  Explosive Properties of DADP Cocrystals 

The explosive properties of the DADP cocrystals provided surprising results that 

have significant implications not only for the development of novel energetic materials 

via cocrystallization, but also for the use of cocrystallization as an original technique to 

answer fundamental questions about origin of sensitivity for energetic materials.  

Explosives can be sensitive to various forms of shock, including impact, friction, static 

electricity and heat.  The origin of sensitivity for energetic materials is an oft-debated and 

much-studied subject in the research of explosives, pyrotechnics and propellants.  

Theories have been put forth regarding the strength and number of intermolecular 

interactions present in the explosive,50-52 the presence of slip planes,50,53 the bond 

dissociation energy of the weakest covalent bond present,54-57 the oxygen balance,58,59 

decomposition temperature,59 the distribution of electron density,60,61 and even the 

volume available within the crystal lattice of energetics.62  While impact sensitivity is 

only one of many sensitivity tests, it was incredible to note that sensitivity is fully 

retained for both the DADP/TCTNB and DADP/TITNB cocrystals despite significant 

changes in packing, interactions and overall distribution of electronic potential within the 

cocrystal (Table 4.5).  This result is in stark contrast to the impact sensitivity tests 

performed for all other energetic cocrystals to date, in which cocrystallization reduced 

sensitivity by more than half the difference between the least and most sensitive energetic 
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materials.41,42  The shock sensitivity for these cocrystals points towards the inherent 

sensitivity of the peroxide moiety which is not stabilized by the interaction with the 

electron poor ring of TCTNB nor with the iodine atom of TITNB.  This is consistent with 

earlier research that noted that acetone peroxides retain sensitivity even when wetted with 

liquids, a procedure that generally desensitizes most energetics.49  Therefore, based on 

these results, cocrystallization offers a remarkable means to probe the mechanism for 

sensitivity of energetic materials.  By significantly altering the packing and interactions 

through cocrystallization, the extent to which these factors influence the sensitivity of a 

particular material becomes clear.  In the case of CL-20 cocrystals with TNT or 

HMX,41,42 sensitivity can be mitigated through the alteration of structure and the 

introduction of more interactions and stability within those interactions.  In the DADP 

cocrystals, despite alterations in interactions and packing, the sensitivity is retained.  

While many other useful tools for probing the sensitivity of explosives exist, 

cocrystallization offers a unique and powerful tool for determining the mechanism of 

sensitivity for energetic materials 

Table  4.5 Impact sensitivity data for DADP cocrystals and the cocrystal formers 
represented by the h50%, or the height at which at least 50% of the samples detonated. 

  h50% (cm) 

DADP 15 

DADP/TCTNB cocrystal 15 

DADP/TITNB cocrystal 15 

TCTNB 91 

TBTNB 135 

TITNB >145 

 
The retained sensitivity of the DADP cocrystals is also important as it 

demonstrates for the first time the possibility of making cocrystals with improved power 

that remain unaltered in their sensitivity.  While producing less sensitive explosives and 

propellants is a large focus in energetic materials research, there is also significant 

interest in developing primary explosives with improved power.  As a certain degree of 

sensitivity is key to the function of these materials, it would be disadvantageous to make 

primary explosives significantly less sensitive.  Improving the oxygen balance and 
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increasing the density boosts the power of these materials.  The ability to create primary 

explosives with improved power through cocrystallization with energetic materials like 

DADP has the potential to transform the search for energetic cocrystals as well as 

broaden their application.  

4.3 Conclusions 

This chapter reported the formation of energetic-energetic cocrystals with DADP: 

DADP/TCTNB, DADP/TBTNB, and DADP/TITNB.  This work also presents the first 

reported synthesis and characterization of the cocrystal former TITNB (see Section 

4.4.1).  These cocrystals represent an advance in the cocrystal engineering of explosives 

since their formation was predicted based on the distribution of electron density within 

each of the cocrystal formers.  Not only do these cocrystals represent a successful 

application of cocrystal engineering theory, but the halogen substitution provides rare 

insight into the delicate balance of energy in crystal formation and the differences that 

atom size and polarizability can have on the structure of a material.  The DADP/TCTNB 

cocrystal was thermodynamically stable with respect to its cocrystal formers at room 

temperature, while the DADP/TBTNB cocrystal, though almost isostructural, was shown 

to be a kinetic form at room temperature.  Although a similar crystal structure was 

expected, the introduction of iodine allowed for a completely different crystal structure in 

the case of the DADP/TITNB cocrystal.  The relative stabilities of these cocrystals 

reinforce the need for cocrystallization screening methods that allow for both kinetic and 

thermodynamic forms to be formed.  The existence of a kinetic cocrystal, 

DADP/TBTNB, in particular has significant implications for cocrystal research. 

Several results were observed that are of importance for future research.  First, 

cocrystallization and the halogen substitution influence the resulting materials properties 

with respect to DADP.  Improved oxygen balance, higher densities and lower DADP 

volatility were all achieved through cocrystallization.  Indeed, the density is dramatically 

increased for an energetic cocrystal.  In the case of the DADP/TITNB cocrystal, the 

density is even higher than that of CL-20, the densest organic explosive commonly used.  

The retention of sensitivity of DADP cocrystals also shows for the first time the 
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opportunity to use cocrystallization to improve the power of explosives without a loss in 

sensitivity, which has great promise in cocrystallizing more effective primary explosives.   

Finally, this research demonstrates for the first time the potential for 

cocrystallization to serve as an experimental means to probe the cause of sensitivity in 

energetic materials.  The retention of peroxide-like sensitivity for the DADP/TCTNB and 

DADP/TITNB cocrystals despite the significant change in interactions and packing 

afforded through cocrystallization support the conclusion that the peroxide moiety, as an 

element in energetic materials, is inherently unstable.  Functional group sensitivities can, 

therefore, sometimes be the determining factor in the sensitivity an energetic material and 

cocrystallization provides a means to examine the influence of packing and 

intermolecular interactions versus functional group sensitivity experimentally.  This 

result offers a novel application for cocrystallization in future energetics research. 

4.4 Experimental 

4.4.1 Cocrystal synthesis 

4.4.1.1  Synthesis of Cocrystal Formers 

Synthesis of DADP was modified from the literature method.63  In an ice bath, 1 

mL of acetone (Fisher, Certified ACS) and 2 mL of 30% hydrogen peroxide (Fisher, 

Certified ACS) were added to 5 mL of dichloromethane (Fisher, stabilized HPLC Grade).  

2 mL of 70% perchloric acid (B&A, Reagent ACS) was then added drop-wise.  The 

reaction stirred for one hour at 0 °C and then stood at room temperature for three days to 

ensure full conversion to DADP.  The precipitate was filtered, washed with water and 5% 

NaHCO3 to remove any residual acid, and then recrystallized from methanol to afford a 

white solid.  The resulting white solid was analyzed with 1H NMR and the 1H NMR 

chemical shifts agreed with the literature.64  The best obtained yield after recrystallization 

was 54.4%. 

Both TCTNB and TBTNB were synthesized according to literature procedures.65 

TITNB was synthesized by the following procedure.  Into a 25 ml 2-neck round 

bottom flask 12 ml of 100% nitric acid were added to 2 ml of concentrated sulfuric acid. 

To this acid mixture 0.46 g (1 mmol) of 1,3,5-triiodobenzene, prepared from 1,3,5-
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tribromobenzene by the method of Mich,66 was added in one portion. The reaction turned 

immediately a red/amber color and was stirred at 60 °C under a condenser for 24 hours.  

The reaction was poured onto ice and the resultant solids were collected and 

recrystallized from 9 ml of chloroform.  This afforded an off-white powder of 0.266 g 

(45% yield). 13C NMR (400 MHz, DMSO): δ = 86.9, 161.9. MS (EI): found = 590.69, 

calculated for C6I3N3O6 = 590.7. 

4.4.1.2  Methods for Cocrystal Formation 

Cocrystals of DADP/TCTNB were obtained by solvent mediated transformation 

in a 1:1 molar ratio of DADP and TCTNB at room temperature in acetonitrile (ACN, 

Fisher, HPLC Grade).  Cocrystals of DADP/TITNB were obtained by solvent mediated 

transformation in a 3:1 molar ratio in acetontrile at room temperature.   

Many synthesis conditions were tested before optimizing the best the conditions 

for the DADP/TBTNB cocrystal synthesis.  Though the DADP/TBTNB cocrystal was 

first obtained by dissolving a 1:1 molar ratio of DADP (1.544 mg) and TBTNB (4.663 

mg) in 0.1 mL ACN, and evaporating the solution, the cocrystal formed accounted for 

less than 10% of the solids obtained as determined by optical microscopy and Raman 

spectroscopy.  In attempts to scale up these previous conditions larger quantities of both 

cocrystal formers were dissolved in ACN (14.299 mg of TBTNB with 4.738 mg of 

DADP dissolved in 0.3 mL of ACN, and 11.811 mg of TBTNB and 3.952 mg of DADP 

in 0.4 mL of ACN) and left to evaporate at room temperature, but little if any cocrystal 

was formed, indicating unpredictable formation of this cocrystal. 

Other attempted methods included solvent inversion, solvent mediated 

transformation (slurrying), seeding and cooling crystallization.  Most methods failed to 

produce cocrystals. Solvent inversion, accomplished by dissolving a 1:1 mole ratio of 

DADP and TBTNB in ACN and then adding water produced no cocrystal.  Solvent 

mediated transformation in solutions saturated with and containing both solid DADP and 

TBTNB were made with water, ethanol, methanol (Fisher, Certified ACS), ethyl acetate 

(Fisher, HPLC Grade), 1,4-dioxane (Fisher, Certified ACS), tetrahydrofuran (Fisher, 

Certified, dry), chloroform (Fisher, Certified ACS), N,N-dimethylformamide (Fisher, 

Sequencing Grade), cyclohexane (Aldrich, anhydrous), ACN, and diethyl ether (Fisher, 

Stabilized HPLC Grade) at room temperature. All room temperature slurries produced no 
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cocrystal.  Another method attempted to form this cocrystal involved heating and then 

cooling solutions containing both cocrystal formers.  In cases where one of the cocrystal 

formers was undersaturated, cocrystal formation usually was not observed and only pure 

components were produced.  Furthermore, saturating solutions of DADP and TBTNB in 

ACN, methanol, ethanol (Decon Laboratories, Inc., 200 proof), toluene, benzene, propyl 

alcohol, and isopropyl alcohol never produced cocrystals.  Consistent cocrystal formation 

by rapid cooling was only achieved in solutions supersaturated with both cocrystal 

formers in solvents that were poor for both cocrystal formers, such as cyclohexane and 

heptane. 

Based on these results, a method to consistently form cocrystal was developed.  

To obtain larger quantities of the cocrystal, a supersaturated solution of both DADP and 

TBTNB was created in cyclohexane by heating to 80 °C.  This solution was then filtered, 

while hot, into a clean vial and monitored with optical microscopy as the solution came to 

room temperature.  Cocrystal formed concomitantly with TBTNB and/or DADP 

depending on the individual nucleation events.  The optimized procedure employed 4.0 

mg of TBTNB, 28 mg of DADP in 1.0 mL of cyclohexane, sonicated for 30 minutes and 

heated to in a sealed 4 mL vial at 80 °C for at 10 minutes.  Cocrystals were isolated by 

removing the cyclohexane, allowing residual cyclohexane to dry and then sealing the 

material in a 4 mL vial. 

Solvent mediated transformation with both cocrystal formers could fail to produce a 

cocrystal if the kinetic potential energy barrier is too high.  To reduce this barrier 

cocrystal was introduced into these systems as a seed.  In order to maximize the amount 

of cocrystal introduced, saturated solutions of DADP and TBTNB in either water, 

ethanol, methanol, ethyl acetate, 1,4-dioxane, tetrahydrofuran, chloroform, N,N-

dimethylformamide, cyclohexane, ACN, or diethyl ether were added to cocrystal and 

monitored using optical microscopy.   In all cases the cocrystal (needle) became smaller 

as if it were dissolving and then disappeared while the DADP and TBTNB remained.  

This dissolution was almost instantaneous in the cases of all but methanol, ethanol, 

cyclohexane and water and the cocrystal was effectively gone after less than 30 seconds.  

For the latter four solvents, dissolution times were 2 minutes, 5 minutes, 50 minutes and 

more than two weeks respectively. 
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4.4.2 Raman Spectroscopy 

Raman spectra were obtained using a Renishaw inVia Raman Microscope 

equipped with a 514 nm argon ion laser, a 785 nm diode laser and a RenCam CCD 

detector.  The 514 nm argon ion laser employed an 1800 lines/mm grating and a 50 μm 

slit while the 785 nm diode laser employed a 1200 lines/mm grating and a 65 μm slit.  

Spectra were collected and analyzed using the WiRE 3.1 software package (Renishaw).  

Calibration was performed using a silicon standard.  Spectra were collected using an 

Olympus SLMPlan 20× objective (numerical aperture = 0.35) in extended scan mode 

with a range of 100-3800 cm-1.  Spectra were further analyzed using ACD/SpecManager 

Version 12.01 software (ACD/Labs). 

4.4.3 Powder X-Ray Diffraction 

Powder X-ray diffraction (PXRD) patterns were collected at room temperature 

using a Rigaku R-Axis Spider diffractometer with an image plate detector and graphite 

monochromated Cu-Kα radiation (λ = 1.54187 Å).  Samples were mounted on a 

CryoLoop™ and images were collected for ten minutes while rotating the sample about 

the φ-axis at 10°/sec, oscillating ω between 120° and 180° at 1°/sec with χ fixed at 45°.  

Images were integrated from 2 to 70° with a 0.01° step size using AreaMax 2.0 software 

(Rigaku).  Powder patterns were processed using Jade 8 XRD Pattern Processing, 

Identification & Quantification analysis software (Materials Data, Inc). 

4.4.4 Single Crystal Structure Determination 

Single crystal diffraction X-ray data for the DADP/TCTNB cocrystal was 

collected using a Rigaku AFC10K Saturn 944+ CCD-based X-ray diffractometer 

equipped with a low temperature device and Micromax-007HF Cu-target micro-focus 

rotating anode (λ = 1.54187 Å) operated at 1.2 kW power (40 kV, 30 mA).  The crystal 

was mounted in a 0.3 mm capillary loaded with DADP to make a DADP saturated 

atmosphere to stabilize the cocrystal.  The X-ray intensities were measured at room 

temperature with the detector placed at a distance 42.00 mm from the crystal.   

Single crystal X-ray diffraction data for the DADP/TBTNB and DADP/TITNB 

cocrystals and pure TBTNB and TITNB was obtained using a Rigaku R-Axis Spider 

diffractometer with an image plate area detector using graphite monochromated Cu-Kα 
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radiation (λ = 1.54187 Å) operated at 2.0 kW power (50 kV, 40 mA).  The X-ray 

intensities were measured with the detector at a distance 127.00 mm from the crystals.  

The DADP/TBTNB cocrystal was mounted in a 0.3 mm capillary loaded with DADP to 

make a DADP saturated atmosphere to stabilize the cocrystal; some decay was observed.  

The DADP/TITNB cocrystal, pure TBTNB and pure TITNB were mounted on a 

MiTeGen MicroMount™.  The DADP/TBTNB cocrystal and TITNB were collected at 

room temperature and the DADP/TITNB cocrystal and TBTNB were collected at 95(2) 

K.   

All data were processed with CrystalClear 2.0 (Rigaku) and corrected for 

absorption using an empirical absorption correction.  Structures were solved by direct 

methods67,68 refined and expanded using the CrystalStructure 4.069 crystallographic 

software package (Rigaku).  Non-hydrogen atoms were refined anisotropically.  

Hydrogen atoms were placed using the riding model.  Full-matrix least-squares 

refinement was made on F2. Full details are available as supporting information in the 

CIF file.  For determination of intermolecular distances all carbon-hydrogen, nitrogen-

hydrogen and oxygen-hydrogen bond lengths were normalized to 1.083 Å, 1.008 Å and 

0.983 Å respectively.  

4.4.5 Differential Scanning Calorimetry 

Thermograms of the samples were recorded on a TA Instruments Q10 differential 

scanning calorimeter and programmed using Thermal Advantage for Q Series Version 

2.5.  Samples (weighed to a precision of ± 0.005 mg) were placed in hermetic aluminum 

pans and the lids were crimped using a TA-Instruments hermetic sealing press.  Thermal 

behavior of the samples from 25 up to 395 °C was studied under a nitrogen purge of 50.0 

mL/min at a heating rate of 10 °C/min.  Thermal behavior was also measured by cycling 

the temperature from 20 to -90 °C and back to 20 °C using 1, 5, and 10 °C/min cooling 

and heating rates.  The instrument was calibrated with an indium standard.  Data were 

analyzed using Universal Analysis 2000 4.3 software (TA-Instruments-Waters LLC). 

4.4.6 Thermomicroscopy 

Thermomicroscopy was performed with a Linkham LTS 350 hot stage connected 

to a Linkham TMS 94 processor and controlled using Linksys32 Version 1.9.3 software, 
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viewed under polarized light with a Nikon Eclipse E600 microscope.  Thermal transitions 

were observed optically for comparison with DSC data.  Samples were heated from room 

temperature at a rate of 10 °C/min to temperatures up to 350 °C.       

4.4.7 Vapor Pressure Measurements 

Vapor pressure experiments were performed by loading DADP or the cocrystals 

into DSC pans with 50 μm diameter holes from a Perkin-Elmer volatile pan kit on a TA 

Instruments Thermogravimetric Analysis Instrument.  Samples were heated to 40 °C at a 

rate of 20 °C/min and held isothermally for at least 16 hours under a 30 mL/min flow of 

nitrogen gas.  Partial vapor pressure was calculated using the following equation (4.1):70 

 p j =
dmj

dt

1
A0

2πRT
MW j

 (4.1) 

where pj is the equilibrium partial vapor pressure of the species, dmj/dt is the rate of mass 

loss, A0 is the area of the orifice, R is the gas constant, T is the temperature in K, and MWj 

is the molecular weight of the species. 

4.4.8 Calculations 

4.4.8.1 Hirshfeld Surface Calculations 

Hirshfeld surface calculations were performed using CrystalExplorer version 

3.0.71  Hydrogen bond lengths were normalized (O−H to 0.983, N−H to 1.008 and C−H 

to 1.083 Å) and disorder was removed for all crystallographic information files used.  

Hirshfeld surfaces are generated by partitioning space in a crystal by considering the 

electron distribution of the sum of spherical atoms for the molecule (promolecule) to the 

whole crystal (procrystal).  Everywhere this sum that contributes more than twice the 

electron density to that of procrystal is partitioned into the promolecule.  Therefore, from 

the center of an atom, the electron density is counted as the promolecule until it 

contributes more to the molecule touching it.  This generates a surface describing where 

and to what extent atoms from different molecules are in proximity to one another.  From 

this Hirshfeld surface a 2D fingerprint, plotting the de value, or distance to the surface 

from the nearest atom from exterior, against the di, or distance from the surface to the 
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nearest atom of the interior, is generated.  Specific interactions can be isolated from the 

plot to reveal their contribution to overall contacts within the crystal structure. 

4.4.8.2  Packing Coefficient Calculations 

Packing coefficients were calculated by using the following equation: 

Ck = ZVmolVcell
−1 , where Ck is the packing coefficient, Z is the number of molecules in the 

unit cell, Vmol is the molecular volume (Å3), and Vcell is the volume of the unit cell.  

Molecular volume was calculated with Spartan '10 version 1.0.1 (Wavefunction, Inc.), 

which employs van der Waals radii of 1.8855 Å for bromine, 1.5138 Å for fluorine, 

1.9200 Å for carbon, 1.2000 Å for hydrogen, 1.5500 Å for nitrogen, and 1.5200 Å for 

oxygen. 

4.4.8.3  Electrostatic Potential Surface Density Map Calculations 

Calculations of the electrostatic potential energy density surfaces for the DADP 

cocrystals, DADP and the halogenated trinitrobenzenes were performed using semi-

empirical methods with the AM1 model available in Spartan '10 version 1.0.1 

(Wavefunction, Inc.).  All surfaces were normalized between -50 and 50 kJ/mol.  

4.4.9 Drop Weight Impact Sensitivity Tests 

Sensitivities of the DADP cocrystals and the pure cocrystal formers were 

determined using an in-house-constructed drop-weight test.  Samples of 2.0 ± 0.2 mg 

(except in the case of DADP/TITNB where samples of 2.5 ± 0.25 mg were measured) 

were enclosed in aluminum pans and impacted with a 5 lb weight.  Samples were tested 

for a 50% probability to detonate (h50%) when impacted from a specified height. 
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 Chapter 5 Conclusions and Future Directions 

5.1 Summary of Work on Cocrystallization of Energetic Materials 

Cocrystallization strategies for both aromatic and aliphatic energetic materials 

were explored through the cocrystallization of model energetic materials, TNT and 

HMX, with non-energetic materials.  This work showed not only that energetic materials 

can be cocrystallized but also that there are rational guiding principles for cocrystallizing 

them.  In the case of electron-poor aromatic energetic materials, like TNT, the donor-

acceptor π-π interaction is robust enough to regularly produce cocrystals with electron 

rich aromatic materials.  While other interactions are possible, this interaction is so 

comparatively strong that it overpowers weaker interactions.  For aliphatic energetic 

materials, where this strong donor-acceptor π-π interaction is absent, favorable 

interactions for cocrystallization rely more on complimentary distribution of electrostatic 

potential for each of the cocrystal formers.  Several cocrystals of HMX were found to 

form, and the structures obtained are dictated by the size and electrostatic potential of the 

cocrystal former. 

In addition to showing favorable interactions for the formation of energetic 

cocrystals, these model cocrystal systems have clearly demonstrated that materials 

properties relevant to energetic materials can be favorably altered via cocrystallization.  

Most notably, changes in density were observed for both aromatic and aliphatic cocrystal 

systems.  For TNT in particular, it was demonstrated that in a few cases densities higher 

than those of either cocrystal formers could be obtained from the cocrystal.  This is key in 

supporting the idea that cocrystallization offers a means to obtain improved properties for 

energetic materials with respect to the original components.  The study of the TNT 

cocrystals also demonstrated that the melting point and decomposition temperature can 

be altered through cocrystallization, while HMX, in contrast, showed that solid energetic 

cocrystals can separate into their separate components upon heating.  In either case these 
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thermal properties can be leveraged.  For TNT, cocrystallization provides a means to alter 

the melting point for melt-casting as needed.  For HMX, since the sensitivity to impact 

shock can be greatly reduced by cocrystallization with non-energetic materials, this offers 

a means to transport HMX in an insensitive form and to return it to its full explosive 

capacity upon heating.   

The study of energetic cocrystallization between energetic and non-energetic 

materials also led to the discovery and formation of novel cocrystals with diacetone 

diperoxide (DADP).  Indeed, the DADP/1,3,5-trichloro-2,4,6-trinitrobenzene (TCTNB) 

and DADP/1,3,5-tribromo-2,4,6-trinitrobenzene (TBTNB) cocrystals featured a favorable 

electrostatic interaction between the electron-poor aromatic halogenated trinitrobenzenes 

and the electron rich peroxide moieties of the DADP that was reminiscent of the donor-

acceptor π-π present in the TNT cocrystals with aromatic compounds.  In contrast to 

these two cocrystals, the DADP/1,3,5-triiodo-2,4,6-trinitrobenzene (TITNB) cocrystal 

exhibited a unique structure and featured an extremely short I⋅⋅⋅O interaction between 

TITNB and the peroxides of DADP.  All of these cocrystals showed halogen-nitro 

interactions, which are the first of such ever reported for an energetic cocrystal 

Study of the DADP cocrystals also led to some surprising results that have 

implications for not only the development of energetic cocrystals, but also for the field of 

cocrystallization as a whole.  First, despite the significant change in structure and 

interactions afforded through cocrystallization, the DADP cocrystals exhibited the same 

impact sensitivity as pure DADP.  This result is in contrast with all previous energetic 

cocrystals and suggests that the peroxide moiety is inherently unstable.  Considering the 

difference in the sensitivity results together with the alterations and structure for each of 

the energetic cocrystals, cocrystallization is shown to as a means to experimentally probe 

the source of sensitivity in an energetic material.  A second result that holds particular 

relevance for the field of cocrystal design and cocrystallization in general is the discovery 

of a kinetic cocrystal: DADP/TBTNB.  The existence of this kinetic cocrystal suggests 

that many more kinetic cocrystals could exist that have yet to be discovered.  Due to the 

widespread use of crystallization techniques that favor thermodynamic forms, however, 

kinetic cocrystals could easily be missed during screening.  This result demands that 
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cocrystal screening methods be carefully reevaluated to ensure that kinetic cocrystals are 

not missed. 

5.2 Current Work in the Field of Cocrystallization of Energetic Materials 

While energetic cocrystals were reported prior to this work, the concept of 

energetic cocrystallization had seen little advancement.  The work presented in this 

thesis, and in particular the TNT and HMX cocrystals, has aroused interest in this field 

again.  Following the publication of the work on TNT, many recent examples of energetic 

cocrystals, not only with non-energetic materials but also with energetic materials have 

been published.1-7  The examples presented here represent the beginning and this field 

will surely continue to develop.    

Very recently, work to show basic cocrystallization principles for CL-20 with 

non-energetic materials was reported by Millar et al.3  The structures of four CL-20 

cocrystals with N,N-dimethylformamide (DMF), 1,4-dioxane, hexamethylphosphoramide 

(HMPA) and γ-butyrolactone were studied.8  They compared the conformation of CL-20 

found in each of the cocrystals and noted that in all but the HMPA cocrystal CL-20 

adopted the γ conformation.  Upon desolvating the CL-20/HMPA cocrystal they obtained 

the β-CL-20 polymorph, the conformation of which was observed in the cocrystal.  From 

this perspective, cocrystallization was shown to provide a novel means to access 

polymorphs of CL-20 selectively.  Finally, the authors noted that cocrystallization of CL-

20 with non-energetic materials generally decreased the density and thus explosive 

performance of these materials. 

Studies of the underlying principles for cocrystallization of energetic materials 

with non-energetic materials have recently led to the discovery of several energetic-

energetic cocrystals.  In these cocrystals, the principles developed for cocrystallization 

with non-energetic materials are shown to be relevant, supporting the idea that the model 

systems can guide the search for novel energetic-energetic cocrystals.  Indeed, energetic-

energetic cocrystals that incorporated TNT, CL-20 or HMX were among the first 

discovered.  Furthermore, the large number of cocrystals that can be formed with non-

energetic materials allows for trends in cocrystal formation to be developed, in particular 
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for the case of TNT and HMX cocrystals.  Understanding these trends gives insight into 

novel energetic-energetic cocrystals that would not be possible without the energetic-non-

energetic cocrystal series presented in this work.  

Following not long after our report of the TNT cocrystals with non-energetic 

materials, the first energetic-energetic cocrystal was discovered: 2,4,6,8,10,12-hexanitro-

2,4,6,8,10,12-hexaazaisowurtzitane (CL-20)/TNT 1:1.1  This energetic/energetic 

cocrystal displayed many interactions similar to those in the model TNT cocrystals.9  

TNT formed layers between CL-20.  This cocrystal exhibited a density between both 

cocrystal formers as is often the case for energetic cocrystals.  The sensitivity of this 

material was also in between that of both TNT and CL-20, indicating the chance for 

cocrystallization to reduce the sensitivity of materials like CL-20, while still maintaining 

explosive properties.  Unlike the non-energetic cocrystals with TNT, however, this 

cocrystal separated upon heating so that TNT entered a molten state while solid CL-20 

remained.  Therefore this cocrystal can be used as a smart material: it can be transported 

or used in its relatively less sensitive form and then heated to remove the TNT and regain 

the high sensitivity of CL-20.  

Not long after the report of the HMX cocrystals with non-energetic materials a 

CL-20/HMX 2:1 cocrystal was also reported.4  This cocrystal forms with HMX in the 

chair/layered motif as suggested by the earlier work with HMX cocrystallization.  Indeed 

based on this motif, the conformation of HMX and the resulting crystal structure are 

more understandable.  As HMX is denser and has a better oxygen balance, this cocrystal 

has even more favorable properties than the CL-20/TNT cocrystal.  Furthermore, this 

material actually showed better sensitivity than just an average of the two pure 

components.  The alteration in interactions may allow for this reduction in sensitivity.  

This change in the interactions present was only accessible through cocrystallization, 

clearly demonstrating the advantage of cocrystallization in producing superior energetic 

materials.  

Very recently a TNT/TNB cocrystal was reported.6  In contrast to cocrystals of 

TNT with electron-rich aromatic rings, this cocrystal shows zigzag structures formed 

through interactions between the nitro group of TNT and the benzene ring of TNB.  More 

importantly, the authors demonstrated that the impact sensitivity of this material was 
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improved with respect to both TNT and TNB.  It should be noted that the flash point is 

lower for this cocrystal than for either TNT or TNB and the authors hypothesize that this 

is due to a lower lattice energy.  This work represents one among many recent and 

growing efforts aiming for the cocrystallization of energetic materials. 

Cocrystals of newer energetic materials are also being discovered.  There have 

recently been two reports of cocrystals with benzotrifuroxane (BTF), a relatively new 

energetic material.  These include the report of a CL-20/BTF cocrystal5 and a series of 

five energetic-energetic cocrystals with BTF.7  Additionally, in work by Thottempudi et 

al., a cocrystal of 5,50-bis(trinitromethyl)-3,30-azo-1H-1,2,4-triazole with 3,5-diamino-

1,2,4-triazole was found as part of a larger work on synthesizing novel energetic 

materials and forming salts from these materials.2  They found that this cocrystal was less 

impact sensitive than the azo compound alone.  This work demonstrates the surfeit of 

potential cocrystal formers that are available in newly synthesized energetic materials; a 

potential for cocrystal discovery that is only beginning to be realized.  As more energetic 

materials are considered as cocrystal formers, more model systems will be needed to 

assist in understanding these materials.  

5.3 Future Work for the Cocrystallization of Energetic Materials 

The study of energetic cocrystallization is only just beginning.  Many of the 

energetic-energetic cocrystals described above were only reported within the last half  

year and more are likely to follow shortly.  It seems very likely that this field will 

continue to grow and expand as better understanding of the guiding principles for 

cocrystallizing this unique class of materials is gained.  While this work focused on well-

known and traditional energetic materials, the list of energetic materials in-development 

for use in their pure form that were cast away due to failure to perform in one or more 

critical parameters is vast.  Through cocrystallization there is great potential to resurrect 

many of these discarded materials.  Therefore it seems likely that this field will continue 

to see tremendous growth. 

Nitrogen-rich heterocyclic energetic materials are a relatively new class of 

energetic materials and represent a significant effort by the energetic community to 
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produce greener energetic materials.10-13  While traditional energetic material synthesis 

focused on nitrating various compounds, it was discovered that nitrogen rich heterocycles 

could serve as effective energetic materials.  Due to the presence of nitrogen, less carbon 

was used and more nitrogen gas could be produced which is favorable for improving 

explosive or propulsive power.  While some of these materials have shown remarkable 

stability, others have proven to be excessively sensitive and dangerous.12,13  Additionally, 

these materials have some differences from the electron-poor aromatic rings of energetics 

like TNT and often have potential hydrogen bonding moieties in abundance.  Therefore, 

cocrystallization of prototype nitrogen rich energetic materials should also be performed, 

to provide cocrystal engineering principles for these materials. 

Furthermore, many of the energetic cocrystals, while sometimes improving the 

oxygen balance, often only improved it minimally due to the limitation of acceptable 

high-oxygen cocrystal formers.  Therefore, energetic-energetic cocrystals, or even 

energetic-non-energetic cocrystals that incorporate high-oxygen compounds are expected 

to greatly improve the performance and also reduce the toxicity of the byproducts 

produced.  Examples of oxygen rich, potential cocrystal formers include 

tetranitromethane (TNM) and hexanitroethane (HNE) (Figure 5.1).  Due to the high 

density of nitro functional groups in these compounds and many of the high-oxygen 

cocrystal formers, it seems likely that cocrystals with these materials will only form if 

cocrystal formers can interact well with the nitro group.  While some favorable nitro 

interactions for energetic materials were reported in this thesis, knowledge of even more 

favorable intermolecular interactions for nitro functional groups will allow for the 

cocrystallization of these materials. 

 
Figure  5.1 Oxygen rich, potential cocrystal formers include TNM and HNE. 

Finally, the cocrystals of DADP reported in Chapter 4 revealed two further areas 

for study.  First, the existence of DADP/TBTNB as a kinetic cocrystal at room 
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temperature demands that potential cocrystal combinations be reexamined as potential 

cocrystal forms may have been missed due to a lack of cocrystallization methods that 

favor kinetic forms.  This need applies to not only energetic cocrystals, but cocrystals in 

general.  Secondly, the retention of sensitivity of DADP despite cocrystallization offers 

the intriguing possibility of using cocrystallization to produce more powerful primary 

explosives that retain their sensitivity.  While energetic-energetic cocrystals are still 

limited in number, broad generalizations cannot be made, but energetic materials 

containing peroxide moieties may provide a means to retain sensitivity while increasing 

power.  Energetic materials that contain only nitro functional groups may offer a means 

to reduce sensitivity without a significant loss in power.  To confirm this, more peroxide 

containing energetic-energetic cocrystals need to be considered. 

These are but a few of the unexplored areas in energetic cocrystallization.  In 

addition to the commonly employed energetic materials, there is a seemingly limitless 

supply of energetic materials that could be screened for energetic cocrystal formation.  

While study of energetic cocrystals is still in its early stages, it seems certain that study of 

these materials will continue throughout the world.  Due to the advantages of energetic 

cocrystallization, it is only a matter of time before widespread use of these materials 

becomes realized. 
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Appendix 1 Cocrystal Engineering of a Prototype Energetic 
Material: Supramolecular Chemistry of 2,4,6-Trinitrotoluene Data 

 

A1.1  Raman Spectra of TNT Cocrystals 
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Figure A1.1 Raman spectra of TNT/naphthalene cocrystal, naphthalene and monoclinic 
TNT 
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Figure A1.2 Raman spectra of TNT/1-bromonaphthalene cocrystal, 1-bromonaphthalene 
and monoclinic TNT 
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Figure A1.3 Raman spectra of TNT/anthracene cocrystal, anthracene and monoclinic 
TNT 
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Figure A1.1 Raman spectra of TNT/9-bromoanthracene cocrystal, 9-bromoanthracene 
and monoclinic TNT 
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Figure A1.2 Raman spectra of TNT/phenanthrene cocrystal, phenanthrene and 
monoclinic TNT 
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Figure A1.3 Raman spectra of TNT/tetrathiafulvalene cocrystal, tetrathiafulvalene and 
monoclinic TNT 
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Figure A1.4 Raman spectra of TNT/thieno[3,2-b]thiophene cocrystal, thieno[3,2-
b]thiophene and monoclinic TNT. 
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Figure A1.5 Raman spectra of TNT/phenothiazine cocrystal, phenothiazine and 
monoclinic TNT. 
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Figure A1.6 Raman spectra of TNT/dibenzothiophene cocrystal, dibenzothiophene and 
monoclinic TNT. 
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Figure A1.7 Raman spectra of TNT/4,6-dimethyldibenzothiophene cocrystal, 4,6-
dimethyldibenzothiophene and monoclinic TNT. 
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Figure A1.8 Raman spectra of TNT/1,2-phenylenediamine cocrystal, 1,2-
phenylenediamine and monoclinic TNT. 
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Figure A1.9 Raman spectra of TNT/1,4-dimethoxybenzene cocrystal, 1,4-
dimethoxybenzene and monoclinic TNT. 
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Figure A1.10 Raman spectra of TNT/4-aminobenzoic acid 1:1 cocrystal, 4-aminobenzoic 
acid and monoclinic TNT. 
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Figure A1.11 Raman spectra of TNT/4-aminobenzoic acid 1:2 cocrystal, 4-aminobenzoic 
acid and monoclinic TNT. 
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Figure A1.12 Raman spectra of TNT/anthranilic acid 1:1 cocrystal, anthranilic acid form 
II and monoclinic TNT. 
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Figure A1.13 Raman spectra of TNT/anthranilic acid 1:2 cocrystal, anthranilic acid form 
II and monoclinic TNT. 
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Table A1.1 Frequency of Raman vibrational modes (cm-1) of TNT cocrystals. 
1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 

3108 3114 3112 3245 3245 2959 3598 3557 3117 3108 3460 3129 3598 3401 3508 3495
3073 3084 3093 3097 3088 2727 3118 3477 3066 3074 3377 3113 3412 3118 3395 3383
3058 3067 3062 3072 3066 2687 3098 3352 3001 2997 3113 3089 3369 3075 3090 3118
3008 3003 3034 3043 3045 1616 3003 3107 2945 2927 3085 3015 3108 2945 3073 3082
2945 2946 2948 3003 3026 1556 2951 3029 2751 2866 3051 2959 3058 2750 3048 3066
1840 2682 1634 2952 3003 1516 2758 2972 2621 2748 3023 2920 2956 2688 3011 2957
1631 2624 1619 1622 2944 1360 2685 2938 1822 2621 3004 2843 2690 1752 2957 1636
1620 1619 1579 1610 1626 1263 2621 2844 1618 1678 2948 2692 1753 1602 1830 1564
1579 1564 1561 1578 1618 1207 1815 2676 1602 1619 2900 2618 1602 1539 1620 1538
1547 1550 1508 1548 1603 1083 1703 2481 1591 1597 2335 1620 1549 1435 1563 1490
1497 1503 1483 1481 1574 1021 1620 1617 1560 1572 1620 1543 1433 1360 1545 1459
1467 1458 1449 1449 1528 912 1547 1548 1537 1546 1592 1454 1360 1317 1490 1429
1451 1435 1413 1433 1496 825 1514 1493 1481 1489 1543 1377 1316 1283 1462 1363
1379 1385 1404 1396 1458 793 1487 1449 1461 1453 1506 1357 1285 1203 1445 1302
1369 1367 1365 1366 1444 765 1449 1418 1358 1385 1458 1339 1206 1180 1383 1244
1350 1350 1349 1351 1432 738 1423 1358 1322 1361 1440 1316 1179 1134 1358 1203
1312 1288 1307 1337 1422 675 1388 1327 1312 1336 1364 1246 1135 1085 1291 1167
1293 1206 1261 1307 1386 531 1360 1237 1268 1320 1286 1202 1086 1031 1248 1119
1275 1167 1201 1263 1365 509 1347 1165 1235 1250 1206 1188 938 939 1207 1085
1244 1083 1188 1205 1352 488 1335 1124 1206 1202 1154 1171 847 909 1170 1067
1212 1059 1170 1175 1307 469 1290 1084 1165 1170 1079 1153 793 848 1117 1031
1166 1025 1079 1083 1249 419 1244 1037 1133 1139 1035 1109 766 830 1085 939
1088 961 1032 1021 1208 361 1202 889 1086 1116 980 1083 704 791 1030 905
1027 910 1012 968 1167 345 1185 692 1069 1066 962 1030 640 766 937 861
938 827 985 937 1151   1167 645 1027 1017 940 937 616 640 862 831
827 809 961 829 1087   1081 573 1003 935 912 906 458 617 828 793
793 794 937 810 1042   1040 469 938 828 854 826 396 514 793 767
782 701 904 793 1003   937 193 912 791 830 793 367 395 768 727
764 652 829 766 938   922   827 760 793 761 325 330 725 694
730 528 792 478 916   909   793 728 765 728 298 292 700 655
703 511 766 413 828   876   770 694 728 711 249 243 656 566
635 409 755 400 793   852   728 598 705 697 189 201 641 522
512 354 729 323 765   829   704 533 586 660 147   567 434
470 325 698 247 714   792   565 472 533 636     537 381
442 297 672 194 701   766   496 445 456 538     462 329
390 199 522 179 617   756   408 370 371 454     435 288
369   478 113 549   728   357 353 355 373     356 250
356   422   538   699   326 324 326 328     326 194
324   395   500   663   285 308 194 296     291 160
286   324   442   641   236 291 153 198     197  
191   284   408   548   213 272         171  
155   245   357   517   194 189            
    198   323   463   156 155            
        287   355   124              
        250   328                  
        188   293                  
        154                      
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Table A1.2 Observed frequencies (cm-1) for the asymmetric and symmetric nitro stretch 
of TNT in both pure and the TNT cocrystals 

 
TNT/TNT cocrystal νas NO2 νs NO2 

monoclinic TNT 1537.4 1367.9 

orthorhombic TNT 1535.7 1358.7 

naphthalene 1546.5 1349.8 

anthracene 1561.2 1348.9 

9-bromoanthracene 1548.1 1366.2 

phenanthrene 1544.0 1365.4 

tetrathiafulvalene 1528.4 1359.7 

thieno[3,2-b]thiophene 1547.3 1360.5 

phenothiazine 1546.5 1358.0 

dibenzothiophene 1536.6 1358.0 

4,6-dimethyldibenzothiophene 1546.5 1361.3 

1,2-phenylenediamine 1543.2 1363.8 

1,4-dimethoxybenzene 1543.2 1357.2 

4-aminobenzoic acid 1:1 1538.3 1359.7 

4-aminobenzoic acid 1:2 1549.8 1358.9 

anthranilic acid 1:1 1544.8 1358.0 

anthranilic acid 1:2 1537.4 1363.0 
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A1.2  ORTEP Diagrams for TNT Cocrystals 

 
Figure A1.14 ORTEP diagram of TNT/naphthalene cocrystal with thermal ellipsoids of 
50% probability. 

 
Figure A1.15 ORTEP diagram of TNT/1-bromonaphthalene cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.16 ORTEP diagram of TNT/anthracene cocrystal with thermal ellipsoids of 
50% probability. 

 
Figure A1.17 ORTEP diagram of TNT/9-bromoanthracene cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.18 ORTEP diagram of TNT/phenanthrene cocrystal with thermal ellipsoids of 
50% probability. 

 
Figure A1.19 ORTEP diagram of TNT/perylene cocrystal with thermal ellipsoids of 50% 
probability. 
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Figure A1.20 ORTEP diagram of TNT/tetrathiafulvalene cocrystal with thermal 
ellipsoids of 50% probability. 

 
Figure A1.21 ORTEP diagram of TNT/thieno[3,2-b]thiophene cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.22 ORTEP diagram of TNT/phenothiazine cocrystal with thermal ellipsoids of 
50% probability. 

 
Figure A1.23 ORTEP diagram of TNT/dibenzothiophene cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.24 ORTEP diagram of TNT/4,6-dimethyldibenzothiophene cocrystal with 
thermal ellipsoids of 50% probability. 

 
Figure A1.25 ORTEP diagram of TNT/1,2-phenylenediamine cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.26 ORTEP diagram of TNT/1,4-dimethoxybenzene cocrystal with thermal 
ellipsoids of 50% probability. 

 
Figure A1.27 ORTEP diagram of TNT/4-aminobenzoic acid 1:1 cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.28 ORTEP diagram of TNT/4-aminobenzoic acid 1:2 cocrystal with thermal 
ellipsoids of 50% probability. 

 
Figure A1.29 ORTEP diagram of TNT/anthranilic acid 1:1 cocrystal with thermal 
ellipsoids of 50% probability. 
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Figure A1.30 ORTEP diagram of TNT/anthranilic acid 1:2 cocrystal with thermal 
ellipsoids of 50% probability. 
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A1.3  PXRD Patterns for TNT Cocrystals 
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Figure A1.31 Simulated and experimental PXRD patterns for the TNT/naphthalene 
cocrystal at 95 K. 
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Figure A1.32 Simulated and experimental PXRD pattern for the TNT/1-
bromonaphthalene cocrystal at 95 K. 
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Figure A1.33 Simulated and experimental PXRD pattern for the TNT/anthracene 
cocrystal at 95 K. 
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Figure A1.34 Simulated and experimental PXRD pattern for the TNT/9-
bromoanthracene cocrystal at 95 K. 
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Figure A1.35 Simulated and experimental PXRD pattern for the TNT/phenanthrene 
cocrystal at 95 K. 
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Figure A1.36 Simulated and experimental PXRD pattern for the TNT/perylene cocrystal 
at 95 K. 
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Figure A1.37 Simulated and experimental PXRD pattern for the TNT/tetrathiafulvalene 
cocrystal at 95 K. 
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Figure A1.38 Simulated and experimental PXRD pattern for the TNT/thieno[3,2-
b]thiophene cocrystal at 95 K. 
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Figure A1.39 Simulated and experimental PXRD pattern for the TNT/phenothiazine 
cocrystal at 95 K. 
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Figure A1.40 Simulated and experimental PXRD pattern for the TNT/dibenzothiophene 
cocrystal at 95 K. 
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Figure A1.41 Simulated and experimental PXRD pattern for the TNT/4,6-
dimethyldibenzothiophene cocrystal at 95 K. 
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Figure A1.42 Simulated and experimental PXRD pattern for the TNT/1,2-
phenylenediamine cocrystal at 95 K. 
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Figure A1.43 Simulated and experimental PXRD pattern for the TNT/1,4-
dimethoxybenzene cocrystal at 95 K. 
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Figure A1.44 Simulated and experimental PXRD pattern for the TNT/4-aminobenzoic 
acid 1:1 cocrystal at 95 K. 
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Figure A1.45 Simulated and experimental PXRD pattern for the TNT/4-aminobenzoic 
acid 1:2 cocrystal at 95 K. 
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Figure A1.46 Simulated and experimental PXRD pattern for the TNT/anthranilic acid 1:1 
cocrystal at 95 K. 
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Figure A1.47 Simulated and experimental PXRD pattern for the TNT/anthranilic acid 1:2 
cocrystal at 95 K. 
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Table A1.3 Experimental PXRD peak positions (°) and the relative intensity (%) of TNT 
cocrystals 1-9. 

1 2 3 4 5 6 7 8 9 

2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 
11.56 18.9 5.95 25.6 9.43 8.9 5.25 2.0 6.35 6.9 9.74 37.7 11.34 17.8 11.92 37.7 11.75 100
12.51 19.2 11.89 27.6 10.01 32.0 10.90 51.3 10.04 9.2 11.29 6.7 12.51 14.3 13.35 13.3 13.33 22.4
13.38 16.5 12.76 13.9 12.66 19.0 12.20 7.4 11.52 100 12.15 38.6 13.79 24.6 14.03 10.2 19.44 23.7
15.29 3.2 14.00 9.1 13.99 7.0 12.75 3.6 12.75 71.7 13.32 14.0 16.40 8.9 18.56 9.2 20.43 31.2
18.04 8.2 15.61 6.9 14.90 4.9 13.80 2.6 13.78 4.5 14.32 4.5 18.99 16.5 20.94 42.6 22.82 15.0
20.24 26.5 16.34 7.7 17.76 23.1 15.50 11.0 17.81 3.3 15.89 17.8 19.53 12.3 22.53 16.0 23.75 24.3
22.88 7.1 18.04 26.2 18.35 14.2 16.05 5.9 18.63 18.0 16.61 17.5 20.75 5.9 25.45 9.1 25.72 97.3
23.34 6.9 19.53 9.1 19.56 55.3 17.35 12.6 19.41 15.3 17.29 17.7 22.90 4.8 26.90 100 26.55 29.3
25.27 10.5 21.21 40.2 21.56 10.7 19.05 7.0 20.24 32.4 18.33 23.4 23.68 6.5 27.27 79.1 27.52 36.0
26.80 100 22.29 12.3 22.67 12.2 19.75 2.2 21.47 10.3 20.47 21.8 25.39 24.5 27.82 45.8 29.08 9.5 
27.61 6.5 23.96 14.8 25.09 14.3 21.10 15.8 22.46 23.8 20.94 29.9 26.17 27.2 28.69 20.3 30.75 7.5 
28.09 12.7 24.83 28.4 25.90 11.8 21.80 11.4 23.12 14.0 22.32 15.7 26.62 100 31.08 14.1 31.79 3.8 
30.07 10.7 25.71 21.1 26.87 39.1 22.85 23.9 25.10 33.6 23.37 60.6 27.49 4.5 31.72 5.0 32.68 5.8 
30.64 9.9 26.74 100 27.94 100 24.45 7.6 26.92 98.2 24.74 59.2 30.09 7.7 39.48 5.5 34.03 4.6 
34.45 3.2 28.30 14.2 29.94 18.4 24.90 18.5 28.44 25.2 25.67 20.6 31.86 7.3 50.89 3.1 38.46 6.1 
36.99 1.8 28.98 27.5 31.48 13.1 25.35 11.5 29.83 4.7 27.30 100 32.60 7.9 53.10 2.7 39.50 5.7 
40.83 3.9 29.91 9.9 35.31 8.0 27.05 100 31.57 6.4 29.84 12.8 33.31 6.0 53.68 5.4 41.40 3.2 
41.47 4.9 30.57 9.3 37.14 4.5 27.65 22.4 33.11 5.5 31.62 7.3 34.60 2.8    44.03 2.8 
45.24 2.7 32.10 15.0 38.36 6.8 28.56 2.6 37.17 4.6 32.26 4.3 35.81 4.6    46.58 3.9 
45.65 1.9 33.27 6.0 40.99 3.0 29.50 9.5 37.76 2.2 33.46 11.3 37.23 5.0    47.12 5.3 
49.47 2.6 34.10 7.4 42.10 4.2 30.45 2.1 40.00 3.9 33.93 7.7 38.41 7.8    48.93 2.5 
54.87 2.8 34.83 4.7 44.19 5.1 31.13 1.5     34.92 5.4 38.88 4.6    50.40 3.7 

   37.54 13.8 47.43 5.8 31.90 14.6     37.33 10.1 42.17 4.5    51.80 2.0 
   39.16 9.6 50.30 3.9 33.45 5.3     52.06 5.8 43.63 3.5    52.69 3.0 
   40.06 9.8 54.56 5.7 33.95 4.1        52.43 3.3        
   41.43 2.3     35.35 5.0                  
   41.94 3.8     37.30 4.4                  
   44.13 9.4     38.34 2.1                  
   48.63 4.1     38.95 3.9                  
   50.20 5.8     40.30 4.4                  
   51.14 4.3     42.35 7.4                  
   55.19 3.7     43.86 0.9                  
   57.33 3.2     45.10 2.2                  
   60.11 1.9     46.55 2.3                  
           47.60 2.8                  
           48.99 0.9                  
           49.66 2.2                  
           51.80 2.2                  
           52.80 1.4                  
           53.45 1.4                  
           54.50 2.2                  
           57.20 1.9                  
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Table A1.4 Experimental PXRD peak positions (°) and the relative intensity (%) of TNT 
cocrystals 10-17 

10 11 12 13 14 15 16 17 

2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 2θ I/I0 
6.48 19.0 10.14 64.4 12.21 30.5 6.25 9.7 11.19 8.3 11.29 46.5 12.59 45.0 10.04 7.7 
9.83 2.9 12.18 52.7 14.05 9.6 11.97 46.4 12.83 65.2 12.22 15.7 14.45 2.8 11.65 28.7 
10.39 3.2 12.80 20.0 16.03 3.0 12.53 30.9 14.27 8.1 13.66 42.0 14.91 3.3 12.70 18.2 
11.63 48.0 13.43 5.0 18.48 22.2 14.78 5.8 15.15 5.3 14.94 4.7 18.94 5.0 13.21 52.5 
13.01 31.6 16.24 8.5 19.26 6.4 16.01 7.3 17.89 19.7 15.48 10.4 21.02 8.3 14.74 51.0 
15.93 4.6 18.39 11.5 20.27 3.1 17.86 13.5 19.08 5.3 17.33 60.8 21.80 18.1 17.36 36.2 
19.57 13.7 19.04 3.9 20.86 9.3 18.71 87.0 19.65 15.9 19.06 9.2 22.51 6.5 18.14 7.3 
20.49 24.2 20.30 19.3 22.87 19.1 20.49 23.6 20.92 20.9 19.72 38.1 23.47 11.2 18.95 10.1 
21.19 8.6 21.15 6.4 24.36 4.7 23.34 22.7 21.55 28.4 20.75 16.1 25.50 9.2 20.20 7.9 
21.85 9.3 22.07 4.5 25.07 10.7 25.16 6.9 22.80 33.0 21.75 6.8 26.97 100 21.12 8.0 
22.72 10.3 23.78 9.4 27.12 46.3 25.89 2.8 24.17 6.2 22.69 28.4 28.00 26.9 22.42 18.5 
23.25 19.2 24.81 38.9 28.29 100 27.09 100 25.88 38.3 23.75 19.2 29.24 31.1 23.63 27.2 
24.13 6.2 26.64 67.9 31.39 7.0 28.71 7.6 26.73 100 26.51 85.0 31.74 2.2 25.53 7.6 
24.97 36.2 27.36 100 32.28 4.2 29.55 5.9 27.55 35.9 28.37 100 35.69 3.9 26.41 52.6 
26.90 100 29.01 7.1 32.64 3.8 30.18 7.2 28.86 49.4 29.46 3.0 40.26 2.7 27.24 100 
28.27 27.2 29.50 13.4 33.55 8.9 31.46 19.7 29.61 11.0 29.95 4.3 41.91 3.9 28.55 46.0 
30.02 7.4 30.83 6.1 35.71 6.0 33.02 4.4 30.72 16.7 30.90 12.6 45.37 2.8 29.83 5.9 
32.13 9.9 31.71 8.8 36.58 5.3 33.50 9.5 32.15 4.4 31.30 12.6     32.06 4.5 
33.45 6.5 32.85 12.3 41.08 4.3 34.88 3.8 32.73 8.6 32.83 8.6     32.66 9.2 
36.38 3.4 33.49 4.4 42.52 4.1 38.17 1.7 33.54 7.7 33.82 13.0     34.34 4.4 
37.60 5.2 37.35 2.2 43.46 2.8     34.22 4.2 34.61 12.4     35.18 10.7 
39.67 7.5 38.64 3.2 44.91 4.5     36.02 12.8 36.85 10.0     39.08 6.5 
40.90 5.1 39.65 4.1 47.10 2.7     36.38 9.5 38.24 4.6     40.81 7.8 
42.92 3.5 41.28 5.0 49.40 3.0     38.08 8.5 38.51 7.3     45.28 2.3 
47.46 3.6 43.78 3.6 55.05 4.9     39.24 3.5 41.19 6.4     48.14 2.5 

   44.40 3.0 60.41 2.0     42.27 7.9 44.26 6.8     48.58 2.8 
   46.63 2.7        47.24 5.6 45.58 6.2     49.79 3.5 
   47.17 2.6            48.41 3.6     53.72 7.1 
   48.71 4.2            56.28 4.3       
   51.94 5.6                      
   52.78 3.3                      
   55.36 5.1                      
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Appendix 2 Cocrystals of HMX 

A2.1  ORTEP Diagrams for HMX Cocrystals 

 
Figure A2.1 ORTEP diagram of HMX/1,2-phenylenediamine with thermal ellipsoids of 
50% probability. 

 
Figure A2.2 ORTEP diagram of HMX/3,4-diaminotoluene with thermal ellipsoids of 
50% probability. 
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Figure A2.3 ORTEP diagram of HMX/4-fluoroaniline with thermal ellipsoids of 50% 
probability. 

 
Figure A2.4 ORTEP diagram of HMX/thieno[3,2-b]thiophene with thermal ellipsoids of 
50% probability. 
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Figure A2.5 ORTEP diagram of HMX/2-pyrrolidone with thermal ellipsoids of 50% 
probability. 

 
Figure A2.6 ORTEP diagram of HMX/1,4-piperazinedicarboxaldehyde with thermal 
ellipsoids of 50% probability. 
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Figure A2.7 ORTEP diagram of HMX/2-picoline-N-oxide 1:2 with thermal ellipsoids of 
50% probability. 

A2.2  Raman Spectra for HMX Cocrystals 
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Figure A2.8 Raman spectra comparison among polymorphs of HMX and the chair-
chair/layered cocrystals: a) β-HMX b) α-HMX c) γ-HMX d) δ-HMX e) HMX/1,2-
phenylenediamine f) HMX/2-bromoaniline g) HMX/3,4-diaminotoluene h) HMX/4-
fluoroaniline i) HMX/thieno[3,2-b]thiophene. 
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Figure A2.9 Raman spectra comparison among polymorphs of HMX and the chair-
chair/pocket cocrystals: a) β-HMX b) α-HMX c) γ-HMX d) δ-HMX e) HMX/N-methyl-
2-pyrrolidone f) HMX/2-pyrrolidone g) HMX/4-picoline-N-oxide h) HMX/DMF. 
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Figure A2.10 Raman spectra comparison among polymorphs of HMX and the 
chair/layered cocrystals: a) β-HMX b) α-HMX c) γ-HMX d) δ-HMX e) HMX/1,4-
piperazinedicarboxaldehyde f) HMX/2-picoline-N-oxide. 
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A2.3  Powder X-Ray Diffraction Pattern Comparison for HMX Cocrystals 

10 20 30 40
2θ (°)

HMX/thieno[3,2-b]thiophene

HMX/4-fluoroaniline

HMX/3,4-diamintoluene

HMX/2-bromoaniline

HMX/1,2-phenylenediamine

 
Figure A2.11 PXRD patterns for HMX cocrystals in the chair-chair/layered motif. 
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Table A2.1 Experimental PXRD peak positions and relative intensity (%) of chair-
chair/layered HMX cocrystals. 

HMX/1,2-

phenylenediamine 

HMX/2-

bromoaniline 

HMX/3,4-

diaminotoluene 

HMX/4-

fluoroaniline 

HMX/thieno[3,2-

b]thiophene 

2θ(°)       I/I0 2θ(°)    I/I0 2θ(°)    I/I0 2θ(°)   I/I0 2θ(°)   I/I0 
2.464 4.5 8.929 29.3 2.396 5.4 9.336 100.0 9.049 20.6 
9.316 100.0 12.242 4.7 7.674 6.0 12.397 8.5 12.318 3.6 

12.434 7.1 13.809 36.4 9.228 100.0 13.843 37.8 13.886 28.0 
13.827 29.8 14.511 35.2 12.157 11.0 14.611 82.2 14.61 28.6 
14.599 29.6 15.611 73.2 13.599 49.4 15.541 8.1 15.704 19.0 
16.012 28.8 16.271 45.7 14.371 56.8 16.244 49.0 16.503 28.7 
16.692 28.3 17.944 55.8 15.327 47.2 16.711 29.0 18.167 31.2 
18.689 8.3 19.398 3.9 15.96 63.2 18.159 16.8 20.02 14.2 
19.77 18.6 19.892 23.6 16.451 21.4 18.758 14.9 20.841 3.6 

20.8 3.8 20.645 11.6 17.928 5.4 19.912 39.4 23.018 7.9 
23.834 46.6 21.363 7.4 18.558 18.3 21.54 6.7 24.089 100.0 
24.279 49.0 22.861 14.2 19.594 26.7 24.012 74.0 24.852 2.7 
26.207 30.9 23.782 100.0 20.719 8.4 24.425 51.0 25.555 48.2 
26.937 19.2 25.242 76.1 22.615 7.0 26.202 47.9 26.761 54.5 
27.375 14.1 26.449 71.2 23.658 62.2 27.118 23.2 27.361 49.0 
28.186 50.8 27.042 44.7 24.114 53.1 27.881 20.2 27.779 42.7 
29.474 22.2 27.459 33.9 25.912 69.6 28.302 44.6 29.506 41.0 
30.508 4.0 29.301 38.9 26.74 35.3 29.508 24.6 30.843 11.4 
30.91 3.2 30.445 15.1 27.363 19.8 29.788 17.1 31.737 17.1 

31.583 15.7 31.485 11.8 27.976 86.5 30.636 7.3 32.188 3.4 
32.374 13.7 31.86 10.7 29.031 22.2 31.586 16.9 33.228 7.4 
33.063 8.1 33.017 23.1 29.351 11.7 32.401 5.8 33.882 15.9 
34.312 5.9 33.668 16.2 30.34 6.3 32.881 16.7 34.562 4.3 
35.916 8.4 34.326 4.1 31.25 30.4 33.509 14.3 35.116 2.4 
37.189 4.8 35.798 6.0 32.362 41.8 34.462 12.5 35.995 3.3 
38.724 3.5 36.703 30.9 32.951 7.4 35.739 10.7 36.978 13.9 
39.308 2.8 38.44 4.2 34.336 8.8 36.061 6.8 38.717 3.9 
40.779 4.5 39.615 7.7 35.118 8.4 37.015 12.7 39.838 2.6 
44.05 2.4 40.258 6.1 36.382 14.7 38.676 5.0 41.946 3.9 

47.511 2.6 41.505 7.2 38.063 10.3 39.624 5.7 42.835 3.1 
48.996 2.5 42.54 4.7 38.944 10.3 41.35 7.1 44.077 9.9 

   43.57 7.0 40.717 7.9 42.669 5.2 46.925 4.3 
   45.763 5.4 41.76 7.7 44.463 4.8 48.01 3.4 
   49.85 5.1 47.142 5.7 46.313 4.6     
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Figure A2.12 PXRD patterns for HMX cocrystals in the chair-chair/pocket motif. 

Table A2.2 Experimental PXRD peak positions and relative intensity (%) of chair-
chair/pocket HMX cocrystals. 

HMX/1-methyl-2-

pyrrolidone 

HMX/2-pyrrolidone HMX/4-picoline-N-

oxide 

HMX/DMF 

         2θ(°)      I/I0        2θ(°)        I/I0 2θ(°) I/I0 2θ(°) I/I0 
8.296 41 6.363 57.1 6.377 61.4 8.566 79.7 

10.621 18.3 10.459 69.8 10.304 69.5 11.068 23.5 
12.783 18.2 11.029 28.3 10.986 12.4 13.083 25.6 
13.506 18.9 13.828 23.7 12.766 1.1 14.005 23.7 
16.547 100 15.27 6.1 13.707 25.7 17.173 95.3 
19.895 31.2 16.881 84.6 15.073 8.0 19.223 6.1 
21.485 12.3 18.908 45.2 16.284 38.9 20.461 28.1 
23.044 12.3 20.012 38.3 16.879 44.9 22.232 31.8 
25.103 23.4 20.891 3.5 18.827 24.1 23.859 9.5 
25.71 11 22.245 21.9 19.625 25.8 25.898 17.8 

27.585 70.2 23.23 3.9 20.731 7.2 26.37 17.2 
28.378 21.7 23.793 29.4 22.231 6.7 28.213 100.0 
28.966 4.6 25.549 32.5 23.576 22.9 29.557 22.4 
29.838 3.8 27.443 100.0 25.302 17.8 30.413 3.3 
31.582 3.1 28.09 12.2 26.911 100.0 31.64 3.5 
32.283 2.4 29.497 38.1 27.835 10.1 32.844 7.7 
33.456 22.2 32.367 4.3 29.336 12.6 33.613 3.1 
35.112 19.2 32.798 10.3 32.768 15.0 34.368 26.5 
36.48 4.8 33.68 32.6 33.318 25.0 34.739 12.5 

38.125 5.1 34.23 7.5 35.277 5.6 36.588 23.7 
39.042 1.4 35.312 7.3 36.279 4.6 37.994 5.8 
40.549 2.9 36.119 9.1 37.402 5.1 39.697 3.8 

    37.102 25.7     40.685 2.5 
    39.585 5.6     41.628 3.5 
    40.663 4.4     42.928 3.3 
    41.235 2.3     53.241 5.0 
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Figure A2.13 PXRD patterns for HMX cocrystals in the chair/layered motif. 

Table A2.3 Experimental PXRD peak positions and relative intensity (%) of 
chair/layered HMX cocrystals. 

HMX/1,4-piperazinedicarboxaldehyde HMX/2-picoline-N-oxide 

2θ(°)       I/I0 2θ(°) I/I0 
2.378      6.4 7.759 68.8 
8.731      61.7 11.754 100.0 

13.102      56.1 14.302 44.2 
14.892      18.1 15.16 30.2 
16.493      36.0 16.152 31.7 
17.768      64.4 17.383 30.1 
18.102      100.0 17.976 20.7 
19.092      32.0 19.458 32.1 
20.066      6.1 20.406 38.7 
20.958      4.5 22.774 24.8 
21.825      36.1 27.193 12.4 
23.495      27.7 28.762 88.6 
24.46      98.5 29.656 14.5 

25.662      15.7 31.254 22.3 
26.494      4.4 32.527 9.7 
27.153      23.6 37.962 6.0 
28.508      23.4 39.679 4.2 
29.948      27.6     
31.06      23.7     

31.463      12.5     
32.497      29.0     
33.464      4.6     
34.414      5.5     
35.623      19.0     
37.663      4.2     
39.032      10.9     
39.605      6.1     
42.726      5.3     
49.137      6.1     
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Table A2.4 Experimental PXRD peak positions and relative intensity (%) of HMX 
cocrystals.  Based on the PXRD comparisons these cocrystals seem likely to adopt the 
chair-chair/pocket structural motif. 

HMX/δ-valerolactam HMX/pyridine-N-

oxide 

2θ(°) I/I0 2θ(°) I/I0

6.256 62.7 6.29 62.9
10.401 31.8 10.489 38.6
10.808 23.7 10.878 16.0
12.532 8.0 12.616 12.3
13.621 12.8 13.777 10.3
16.633 100.0 16.753 100.0
18.635 19.4 18.77 27.0
19.856 8.1 20.257 13.3
21.05 15.6 21.029 5.8
21.84 18.8 21.83 32.9

23.332 9.4 23.601 14.9
25.25 9.6 24.404 5.9

25.967 21.6 25.575 8.2
26.698 38.8 26.67 57.6
27.284 15.0 27.781 40.2
28.206 15.8 29.112 39.0
28.944 32.6 30.393 3.8
32.835 8.6 31.929 12.0
34.68 4.9 33.112 11.4

35.416 4.3 33.935 9.9
36.367 7.3 35.667 13.8
38.794 4.4 36.676 10.7

    39.058 8.0
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Appendix 3 Cocrystals of  Diacetone Diperoxide 
 

A3.1  Raman Spectra of DADP Cocrystals 
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Figure A3.1 Raman spectra of the DADP/TCTNB cocrystal, TCTNB and DADP 
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Figure A3.2 Raman spectra of the DADP/TBTNB cocrystal, TBTNB and DADP 
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Figure A3.3 Raman spectra of the DADP/TITNB cocrystal, TITNB and DADP 
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Table A3.1 Frequency of Raman vibrational modes (cm-1) of DADP, trihalogenated 
trinitrobenzenes and DADP cocrystals with the trihalogenated trinitrobenzenes. 

DADP TCTNB TBTNB TITNB DADP/TCTNB 
cocrystal 

DADP/TBTNB 
cocrystal 

DADP/TITNB 
cocrystal 

280.14 155.28 149.45 122.7 151.08 140.9 122.8 
311 222.61 212.58 133.93 222.61 150.72 145.25 

330.64 298.36 246.24 170.4 296.96 222.26 170.49 
336.25 318 317.78 213.88 315.19 243.3 213.98 
442.85 346.05 442.62 220.89 346.05 282.58 277.1 
494.75 389.53 725.97 319.09 389.53 316.24 313.57 
508.78 459.67 817.14 424.29 455.46 439.68 329 
556.47 817.35 1107.51 718.86 498.94 498.6 421.58 
761.26 849.61 1183.25 751.13 517.18 516.83 497.33 
831.39 1148.38 1216.92 815.65 556.45 557.51 515.56 
870.67 1226.93 1338.95 1068.14 762.65 763.71 559.05 
932.39 1256.39 1372.62 1152.31 818.75 818.42 718.95 
950.62 1353.17 1452.57 1191.58 836.99 874.53 759.63 

1008.13 1370.01 1554.97 1240.68 874.86 948.87 814.34 
1139.98 1465.39 2534.06 1326.24 949.2 1104.58 828.37 
1210.12 1562.17 3117.59 1372.53 1002.5 1183.13 871.85 
1252.2 2535.63   1444.07 1146.98 1211.18 936.37 

1444.36 2737.62   1495.97 1211.5 1221 949 
1473.82 3089.69   1533.85 1231.14 1258.88 1068.23 
2730.62 3133.18   1546.47 1257.79 1344.44 1146.78 
2877.9     2511.55 1351.77 1373.9 1194.47 

2952.24     2740.19 1374.21 1446.84 1209.9 
2963.46     3057.21 1444.35 1557.66 1260.4 
3009.75       1564.98 1564.67 1326.33 
3039.21       1576.2 2536.76 1372.62 

        2545.45 2737.36 1448.36 
        2734.81 2870.61 1497.46 
        2877.89 2921.11 1535.33 
        2950.83 2951.97 1550.76 
        3009.74 3010.89 2513.02 
        3026.57 3125.91 2738.86 
        3151.41   2877.73 
            2953.47 
            3009.58 
            3032.03 
            3062.89 
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A3.2  PXRD Patterns for DADP Cocrystals 

 

Figure A3.4 PXRD patterns at room temperature for the three DADP cocrystals: 
DADP/TCTNB, DADP/TBTNB and DADP/TITNB. 

 

Figure A3.5 Comparison of experimental and calculated PXRD patterns for 
DADP/TCTNB at room temperature 
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Figure A3.6 Comparison of experimental and calculated PXRD patterns for 
DADP/TBTNB at room temperature 

 

Figure A3.7 Comparison of experimental and calculated PXRD patterns for 
DADP/TITNB at 95 K 
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Figure A3.8 Comparison of experimental and calculated PXRD patterns for TBTNB at 
95 K 

 

Figure A3.9 Comparison of experimental and calculated PXRD patterns for TITNB at 
room temperature 
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Table A3.2 Experimental PXRD peak positions (°) and the relative intensity (%) of 
DADP cocrystals with the trihalogenated trinitrobenzenes and TBTNB and TITNB 

DADP/TCTNB 
cocrystala 

DADP/TBTNB 
cocrystala 

DADP/TITNB 
cocrystalb TBTNBb TITNBa 

2θ (°) I/I0 2θ (°) I/I0 2θ (°) I/I0 2θ (°) I/I0 2θ (°) I/I0 
11.61 65.9 11.46 19.1 6.90 37.0 11.59 7.8 11.22 2.2 
12.28 21.2 12.14 58.8 9.51 15.4 12.78 4.5 13.82 2.0 
12.83 73.5 12.64 20.9 10.88 2.6 17.75 5.1 16.24 3.2 
16.92 7.3 13.03 20.2 13.67 33.2 18.47 84.3 17.98 100 
19.59 25.3 16.66 18.3 14.77 5.9 20.74 7.8 18.99 2.1 
21.50 43.0 17.34 4.8 16.65 6.1 21.89 12.3 20.87 7.5 
21.90 100 18.34 73.8 17.81 10.1 23.66 52.6 21.89 87.7 
22.85 38.1 19.08 14.9 19.10 15.1 25.44 4.5 24.02 7.0 
23.34 25.4 19.57 23.7 19.47 39.0 28.34 30.3 25.09 3.0 
24.74 4.0 21.11 24.9 20.87 4.4 30.15 25.6 26.22 22.9 
27.50 12.7 21.89 100 22.04 100 32.27 100 27.50 3.8 
30.61 12.7 22.72 52.1 22.59 5.7 37.48 21.3 28.37 8.3 
31.43 30.7 23.03 72.7 23.40 5.4 38.95 14.9 29.30 2.1 
32.12 2.6 24.00 9.3 24.21 8.8 42.17 11.0 29.83 6.4 
32.84 6.0 25.29 7.6 25.83 3.4 43.25 2.7 30.65 14.9 
33.43 8.7 26.25 6.1 26.88 16.4 44.67 11.7 31.29 50.4 
34.30 5.6 27.31 15.0 27.81 32.5 47.39 6.0 31.60 30.3 
35.05 26.3 28.22 13.5 28.45 26.9 48.42 2.8 32.21 5.0 
36.14 15.2 29.08 3.4 28.81 24.5 50.24 15.3 35.27 5.4 
37.46 2.7 30.37 34.3 31.34 5.4 52.26 3.8 36.14 15.4 
40.66 2.5 31.00 48.6 32.10 40.3 53.07 4.3 36.54 19.3 
43.11 9.2 32.07 75.3 33.23 12.1 54.04 3.8 37.64 3.3 
46.62 4.9 33.07 9.0 34.98 5.8 55.07 3.7 39.74 6.3 

   33.83 7.7 36.09 11.8 57.42 9.1 40.20 4.7 
   34.66 36.6 37.15 12.5 57.67 7.3 41.98 2.3 
   35.49 29.0 37.76 8.4 58.55 5.1 42.61 2.9 
   35.99 4.8 39.11 3.2 67.53 5.6 44.64 2.4 
   37.21 15.5 39.76 4.8     45.60 1.9 
   38.52 15.2 41.24 3.0     46.23 3.5 
   39.83 7.8 41.95 2.7     48.83 5.9 
   41.31 12.9 42.63 4.5     49.18 4.9 
   42.39 8.6 43.35 4.6     50.54 2.6 
   42.88 4.3 46.04 5.1     51.36 2.1 
   43.87 3.6 46.93 5.0     56.26 1.7 
   44.37 5.2 48.10 5.6       
   46.39 5.2 48.45 6.0       
   47.76 2.8 49.04 3.6       
   49.97 6.0 49.80 3.8       
      53.18 2.7       
      54.08 4.4       
      55.19 3.2       
      56.56 4.5       

a room temperature b 95 K 
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A3.3  ORTEP Diagrams for DADP Cocrystals 

 
Figure A3.10 ORTEP diagram for the DADP/TCTNB cocrystal collected at room 
temperature with thermal ellipsoids of 50% probability. 

 
Figure A3.11 ORTEP diagram for the DADP/TBTNB cocrystal collected at room 
temperature with thermal ellipsoids of 50% probability. 
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Figure A3.12 ORTEP diagram for the DADP/TITNB cocrystal collected at 95 K with 
thermal ellipsoids of 50% probability. 

 

Figure A3.13 ORTEP diagram for the TBTNB cocrystal collected at 95 K with thermal 
ellipsoids of 50% probability 
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Figure A3.14 ORTEP diagram for the TITNB cocrystal collected at room temperature 
with thermal ellipsoids of 50% probability 
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A3.4  Dissolution of the DADP/TBTNB Cocrystal in Cocrystal Former Saturated 
Solvents 

DADP/TBTNB cocrystal was formed from cyclohexane and isolated before 

transformation could occur.  Before addition of solvents saturated with both TBTNB and 

DADP were added a picture was taken.  As soon as solvent was added pictures were 

taken at a rate of 1 every 0.5 s.  The pictures below show a) the initial picture and b) the 

time at which the cocrystal disappeared entirely from view of the camera.  The results 

were repeatable and within some margin of error allowing for the amount of cocrystal 

and the speed of mixing.  All solvents except for methanol, ethanol, cyclohexane and 

water showed transformation in less than a minute.  Cocrystals took 2 minutes and 6 

minutes to fully dissolve in methanol and ethanol respectively.  In cyclohexane 

dissolution was within 50 minutes and in water dissolution took over two weeks.  Care 

was taken not to move the vials except in the case of water. 
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1,4-dioxane a) before and b) 0.5 s after

a) 

b) 

ethyl acetate a) before and b) 15 s after

a)

b)

tetrahydrofuran a) before and b) 2 s after

a)

b)

acetonitrile a) before and b) 6 s after

a) 

b) 
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chloroform a) before and b) 30 s after

a) 

b) 

diethyl ether a) before and b) 30 s after 

a)

b)

dimethylsulfoxide a) before and b) 8 s after

a) 

b) 

N,N-dimethylformamide a) before and b) 15 s after

a)

b)
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ethanol a) before and b) 5 min after 

a)

b)

cyclohexane a) before and b) 1 hr after

a) 

b) 

water a) before and b) 1 week after 

a)

b)

methanol a) before and b) 2 min after

a) 

b) 
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