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1 Introduction 

1.1 What is a Cocrystal? 
The, presumably, first publication on the 

generation of a cocrystal was published over 
175 years ago.1 The cocrystal of benzoquinone and 
hydroquinone (quinhydrone), called grünes 
Hydrochinon by Wöhler, is apparently one of the 
most beautiful substances in existence1 (Figure 1). 

Back then, the concept of cocrystallisation was 
unknown and quinhydrone was believed to be a 
single molecule. 

But what is a cocrystal? This question is under 
debate to this date. No IUPAC guideline exists, and 
the only regulatory department that attempted a 
classification of cocrystals is the US food and drug 
administration (FDA), but only for cocrystals 
containing an active pharmaceutic ingredient (API).2 
Their first attempt to define the term cocrystal was 
met with substantial backlash from the scientific 
community. The counter paper was co-authored by 
46 experienced researchers.3 Two main arguments 
were filed against the proposed cocrystal definition: 
“solids that are crystalline materials composed of 
two or more molecules in the same crystal lattice”. 
Not only was it stated that the definition can be 
ambiguous because every molecular crystal is 
composed of two or more molecules, but it was also 
stated that the definition is too restrictive, as it 
limits cocrystals to molecular components.3 The 
discussion part of the FDA report, furthermore, 
makes it clear that solvates are also excluded, even 
though this in not stated in the definition itself. 
Several issues arise from these exclusions. Based on 
this definition, the 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) 
ammonium perchlorate (AP) cocrystal,4 for 
example, would not be classified as a cocrystal 
because of the ionic nature of AP, even though the 
interactions between CL-20 and AP are undoubtably 
non-ionic. Based on the FDA’s definition of salts, 
cocrystals, and polymorphs (which includes 
solvates), this cocrystal would be unclassifiable. The 
exclusion of solvates from cocrystals is also 
problematic. The CL-20 ethylene carbonate (EC) 
cocrystal5 was produced by dissolving CL-20 in EC. 
Which could classify it as a solvate crystal. This 
crystallisation was, however, performed at 333.15 K 
because EC is a solid at room temperature. Would 

it, thus, be a cocrystal at room temperature, but a 
solvate at 333 K? The general consensus of the 
cocrystal community is generally more in line with 
the proposed definition of Aitipamula et al.3 that all 
“solids that are crystalline single phase materials 
composed of two or more different molecular 
and/or ionic compounds generally in a 
stoichiometric ratio” should be considered 
cocrystals. This definition intentionally leaves 
overlap between salts, solvates and cocrystals. 

In 2018, the FDA published a revision of their 
regulatory classification6 in which they have 
improved the wording, but the exclusion of solvates 
and ionic compounds is still present. Both 
definitions have their shortcomings. The flaws of 
the FDA definition have already been discussed and 
the definition of Aaitipamula seeks to allow some 
overlap between the definition of a salt and a 
cocrystal. In the present formulation, however, salts 
and solvates are fully included in the definition. It 
seems that merging the two definitions would work 
best. A definition that says that "cocrystals are 
predominantly molecular crystals that can contain 
entities that interact ionically, but also have to have 
intermolecular interactions between various 
low-volatile entities that are purely non-ionic and 
non-covalent in nature" could better describe what 
Aitipamula and most of the cocrystal community 
mean by cocrystal. This definition is used in this 
thesis. 

There are also some renowned scientist who 
advocate the exclusion of solvates from cocrystals7 
or are opposed to the term cocrystal in its current 
use in general.8 Even the use of a hyphen, as in 
cocrystal or co-crystal, is agitatedly discussed.8,9   

In contrast to the methodology of its definition 
and spelling, the methodology for the generation of 
cocrystals in solution is undisputed. And the 
undoubtedly most useful tools here are the phase 
diagrams of the cocrystals. 

Figure 1: Passage from the 1844 paper “Untersuchungen über 
das Chinon”. 
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1.2 The Use of the Phase Diagram 
For most solution based cocrystallisation 

techniques, the knowledge of the cocrystal phase 
regions’ positions in the ternary phase diagram 

(TPD) is of dire importance.10,11 Any composition of 
the two coformersa (CF) and the solvent can be 
represented in the TPD (Figure 2). The solid lines in 
Figure 2 represent the equilibrium between the 
solid CF and their solutions at one temperature.12 
Specifically, this means that in region I no solid is 
present. If, for example, solid is added in a fashion 
that moves the solution composition into region II, 
only undissolved CF1 can be present after 
equilibration. Accordingly, the cocrystal is only 
formed as the sole thermodynamic product in 
region III. The size and position of the cocrystal 
phase region is, among other factors, dependent on 
the cocrystals stoichiometry and the solubility of 
the two CF. In reality, the TPD is, therefore, seldom 
that clear. Oftentimes, the phase solubility diagram 
(PSD)13 is a far more suitable tool for crystallisation 
design. The PSD shows the equilibrium solubilities 
of its solid phases as a function of solution 
concentration of the CF at one temperature.13 The 
PSD in Figure 3 displays a cocrystal system of 
incongruently soluble CF. The solubility of CF2 is 
significantly higher than the solubility of CF1. This 
has shifted the position of the cocrystal phase 
region. As a result, the solution compositions having 
the same stoichiometric ratio of CF2:CF1 as the 
cocrystal are outside the cocrystal phase region 
(blue line in Figure 3). Such a system is called 

                                                           
a The term coformer is used in the field of pharmaceutical cocrystals to represent the other component of the cocrystal 
besides the API. In this thesis, coformer is used to describe both components of a cocrystal. 

incongruent.14 In such a case, excess CF2 must be 
dissolved to operate a cocrystallisation within the 
cocrystal phase region. For most systems, this can 
be avoided by the choice of the right solvent or 
solvent mixture,15 as typically the solubility of one 
CF must be more than ten times higher than the 
solubility of the other CF for incongruity to occur.14  

While the efficiency of the antisolvent, cooling, 
and evaporation crystallisation strongly depends on 
the position of the cocrystal phase region, the 
position is of less importance for the 
mechanochemical, reaction, and spray 
crystallisation.  

1.3 Cocrystallisation Techniques 
Antisolvent cocrystallisation generates 

supersaturation of the cocrystal by antisolvent 
addition to the saturated solution. The solution 
composition during the experiment follows arrow A 
in Figure 3. The antisolvent dosing rate can be very 
precisely matched to the crystallisation rate which 
enables one to control the supersaturation and, 
therefore, the crystallisation rate. For incongruent 
systems, the methods efficiency is limited by the 
solubility ratio at TP1 and the achievable solubility 
difference of CF1 between the pure solvent and the 
final solvent-antisolvent mixture. 

Cooling cocrystallisation operates very similar to 
antisolvent cocrystallisation. The major difference is 
that the supersaturation is achieved by 
temperature reduction.  

Evaporation crystallisation generates super-
saturation by reducing the solvent content of the 
ternary mixture. For incongruent systems, this 
means that the fraction of CF2 increases during the 
crystallisation. The solution composition during the 

Figure 2: Depiction of a ternary phase diagram of a cocrystal. 
The cocrystal phase region is marked in green. Solid lines 
represent solubiliy curves. The thermodynamically stable 
composition of each phase region is displayed. Phase regions 
are marked in gray roman numerals. 

Figure 3: Phase solubility diagramm of an incongruently 
soluble cocrystal. Solid lines represent solubility curves. The 
blue dash-dot-line represents the solution concentrations 
where [CF1]:[CF2] is equal to the ratio in the cocrystal. Orange 
arrows indicate the change in solution concentration during 
antisolvent or cooling crystallisation (A), reaction 
cocrystallization (B), and evaporation crystallisation (C). TP are 
the transition points between phase regions. The gray roman 
numerals correspnd to the same phase regions as in Figure 2. 
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experiment follows arrow C in Figure 3. The 
method’s efficiency is, thus, also limited by the 
solubility ratio of CF1 and CF2 at TP1 as well as their 
solubility difference between TP1 and TP2. Because 
the evaporation rate can be adjusted, control over 
the supersaturation and the crystallisation rate is 
achievable. 

Mechanochemical cocrystallisation techniques 
subdivide into two categories, liquid assisted 
grinding and neat grinding. For both methods, 
cocrystallisation is induced by grinding a mixture of 
the two (or more) CF together. This is often done via 
mortar and pestle, but scaled-up production has 
been carried out using resonant acoustic mixing16 
and bead milling.17 In liquid assisted grinding (LAG), 
often also called solvent drop grinding, a (small) 
amount of antisolvent or solvent is added to the 
solid mixture. The presence of liquid typically 
decreases the cocrystallisation time drastically.18,19 
both methods gained significant traction in the 
1980s and ‘90s, but the first use of neat grinding and 
LAG for cocrystallisation for the generation of 
quinhydrone by Ling and Baker was reported over 
125 years ago.20 The efficiency of the methods is 
high because of the limited use of solvent, but the 
obtainable crystal size is small because of the 
permanent milling of the material. 

Cocrystallisation methods that utilise solution 
mediated phase transformation, such as the slurry 
technique21,22 and batch reaction crystallisation13,23 
(also called reaction cocrystallization by Rodríguez-
Hornedo et al.23), have become the most applied 
cocrystal screening methods.24 Both methods 
operate strictly within the boundaries of the 
cocrystal phase region in the ternary phase 
diagram, and supersaturation of the cocrystal is 
achieved by adding either one (reaction 
cocrystallization) or both (slurry technique) CF in 
solid form to the solution. From a chemical 
standpoint, both methods classify as “reaction 
cocrystallisation”. Therefore, in this work, the 
expression “reaction cocrystallization” (RC) coined 
by Rodríguez-Hornedo et al. will be used to describe 
crystallisation experiments where one or more CF 
are added to a solution saturated with respect to 
the cocrystal. The solution composition during 
batch RC follows arrow B in Figure 3. Excess CF 
dissolves until the solubility limit of the individual CF 
is reached. More CF dissolves then when the 
solution concentration is reduced because of 
cocrystal formation. As excess solid is used, a higher 
efficiency can be reached, but the supersaturation 
cannot be controlled. 

A multitude of crystallisation techniques exist that 
utilise the atomisation of liquid by expelling it 

through a nozzle. Among these, spray drying 25 is the 
most prevalent technique for the generation of 
cocrystals.26 Here, crystals are produced by rapid 
evaporation of the solvent from the liquid (solution, 
suspensions, or slurry). Spray drying is considered 
one of the most desirable methods for the 
scaled-up production of cocrystals because it is a 
fast, continuous, one-step process27 and easy to 
scale up,28 but the fast solidification during spray 
drying is detrimental to the achievable crystal 
quality as it facilitates the formation of defects and 
amorphous states.27  

1.4 Crystal Quality 
A variety of characteristics can be summarised as 

the crystal quality. Of these, the crystal 
morphology, phase purity, point defects, and 
inclusions are most relevant for this work. All of 
these attributes are dependent on the growth 
conditions of the crystal and can, therefore, be 
optimised to some extend by the selection of the 
crystallisation parameters, such as the chosen 
supersaturation and agitation speed as well as the 
solvent selection. The crystal morphology, called 
habit, is determined by the relative growth rates of 
the crystal faces which can be altered by a number 
of factors. Crystallisation at high supersaturations 
often results in the formation of needle-like 
crystals, impurities in the solution can hinder the 
growth of a certain crystal face, and different 
solvents often produce different crystal habits.29 
Ascorbic acid, for example, exhibits a plate-like 
habit when grown from water, but needles form 
from ethanol.30 Three kind of point defects can 
occur. A small molecule or atom can fill a position in 
the interstice between the matrix atoms (interstitial 
point defect), a vacancy point defect is a lattice site 
from which a molecule or ion is missing, and a 
substitutional impurity is a foreign atom that 
occupies the site of a matrix atom. For example, the 
incorporation of synthesis by-products of CL-20 as 
substitutional impurities could explain the inability 
to purify CL-20 above a certain purity level via 
recrystallisation.31 Pockets of solid, liquid, or gas 
often found in crystals are called inclusions. They 
can either form during the crystal growth process or 
can form when a crystal cracks because of internal 
stress created during growth. Larger crystals and 
fast growth increase the likelihood of inclusions.29  

Depending on the aspect of crystal quality of 
interest, a variety of analysis methods are 
established. High performance liquid 
chromatography (HPLC), nuclear magnetic 
resonance (NMR) and infrared spectroscopy are 
good examples for the routine detection of solid 
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and liquid inclusions or impurities in crystals. 
Depending on the individual substances, impurities 
of less than 0.005% total content are detectable 
with relatively low effort. Phase purity can be 
precisely determined by Rietveld analysis of powder 
x-ray diffraction measurements (pXRD). The 
detection of gas inclusions however requires far 
more effort and can, for example, be done by 
performing the crystallisation under pure argon 
atmosphere and subsequent detection of the 
enclosed argon via gas chromatography (GC).32 
Because of the density difference between gas and 
crystalline substance (and possibly also between 
crystalline substance and liquid inclusion) density 
measurements can also yield information about the 
crystal defects. An exceptionally useful tool for 
density determination is the device for measuring 
the density of particles by flotation, developed by 
Borne and Patedoye33 that not only allows for the 
determination of the density distribution within a 
batch, but also the separation of the density 
fractions. This apparatus is, however, very sensitive 
to external factors as well as internal ones.32 Of the 
available density determination techniques of 
solids, gas pycnometry is one of the most user 
friendly because of the availability of easy to 
operate consumer grade devices. But, the 
influencing factors on the accuracy and even the 
precision of the measurement are not satisfactory 
explored yet. Another, more direct, way of defect 
analysis is photomicrography of the particles 
immersed in a liquid of matching refractive 
index.32,34–36 This procedure reduces surface 
diffraction on the crystals and thereby highlights 
internal defects (Figure 4). In most cases, this 
method was only used as a qualitative tool. And 
only one group has attempted to obtain 
quantitative data by manually defining individual 

crystals and analysing them via digital image 
processing.37,38 The analysis method of choice, of 
course, is dependent on the desired material 
characteristics and can, hence, vary with the 
individual cocrystal application. 

1.5 Cocrystal Applications 
Cocrystallisation has seen increasing interest 

recently, mostly because of its ability to modify 
characteristics of the CF without the need for 
molecular change to the CF. This resonated most 
strongly with the pharmacological sector, as 
evidenced by the over 150 review papers published 
on API cocrystals over the past decade. 
Bioavailability,28,39 hygroscopicity,40 melting 
point,39,41 and permeability41 are all drug properties 
that were modified by cocrystallisation. Here, the 
solubility modification is of the most interest.42 
Many API are poorly water soluble. This limits the 
bioavailability of the drug in the human body.40 
Insufficient bioavailability can result in an overall 
higher drug dose needed which can increase dose 
related toxicity and can reduce patient 
compliance,43 if the drug is approved for 
distribution at all. The most often employed 
strategy to increase API solubility is salt formation.44 
Many API, however, do not possess ionisable 
functional groups. Other strategies then include the 
search for more soluble polymorphs, the 
employment of amorphous material, or the 
application of ultrafine material.42 Cocrystallisation 
of the API with a highly water soluble CF is a 
relatively novel, but promising alternative strategy. 
The increased bioavailability is the result of the 
dissolution of the soluble CF and the resulting 
metastable release of the API from the cocrystal 
into the solution. This supersaturation of the API is 
more stable than the supersaturation resulting from 
kinetically produced polymorphs or amorphous 
material because the CF inhibits crystallisation.26  

Because electron-rich donors and electron-poor 
acceptors can be combined in a single crystal lattice, 
cocrystallisation has become an interesting concept 
in the field of molecular electronics. By 
manipulation of the intermolecular interactions, 
auspicious features, such as optical waveguide 
properties, room temperature phosphorescence, 
two-photon absorption properties and tunable 
emissions, can be obtained.45,46 

The possibility to combine molecules with 
different characteristics in a crystallin compound 
that potentially exhibits different properties than 
the individual CF or a combination of CF properties 
is also a very interesting aspect of cocrystallisation 
for the field of energetic materials. Ground breaking 
work on energetic cocrystals was carried out by the 

Figure 4: Photomicrograph composite of a CL-20/HMX cocrystal. 
The left half depicts the crystal immersed in an optically equally 
dense medium as the crystal, while the right side shows the 
crystal unimmersed. 
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research group of A. J. Matzger. After initial studies 
of cocrystals comprised of an energetic and 
non-energetic CF in 2010,47 they published the first 
cocrystal comprised of two energetic CF in 2011.48 
Many cocrystals with remarkable characteristics 
have been published since. The 1:1 cocrystal of 
diacetone diperoxide with 1,3,5-triiodo-2,4,6-
trinitrobenzene, for example, is 60% less sensitive 
towards impact than both CF, which indicates that 
cocrystal sensitivity can be lower than the 
sensitivity of the CF. A cocrystal of CL-20 and AP was 
described by Gao et al. 4 which exhibits reduced 
hygroscopy compared to AP and could be an 
interesting candidate for use in propellants. 
Furthermore, a study of a melt castable energetic 
cocrystal was published in 2017.49 But the most 
impactful energetic cocrystal is undoubtably the 2:1 
cocrystal of CL-20 and 1,3,5,7-tetranitro-1,3,5,7-
tetrazoctane (HMX) discovered by Bolton et al. in 
2012.50 The paper was cited over 300 times and this 
cocrystal is subject to the most experimental 16,17,51–

61 and simulation papers 62–66 of all energetic 
cocrystals. This cocrystal is most likely the major 
contributing factor to the tremendous rise in 
interest for energetic cocrystals. The following 
paragraphs explains the necessary fundamentals of 
energetic material design and classification to 
understand why this cocrystal had this much of an 
impact on the energetic materials community. 

1.6 Energetic Material 
Classification 

The field of energetic materials can be divided 
into three basic categories (pyrotechnics, 
propellants, explosives) based on the material’s 
properties and the intended purpose. Further 
subdivisions are possible.67  

Pyrotechnics typically are mixtures of an oxidising 
agent, a fuel, and additives. They decompose under 
non detonative self-sustaining exothermic chemical 
reaction.67 Their primary use is civilian fireworks, 
but they are, for example, also used to generate 
smoke to mark landing sites, heat in flares, noise 
and light in flash bangs, or to provide illumination in 
military applications.  

The primary function of a propellant is the rapid 
generation of hot gases by combustion. Solid-fuel 
rockets today are primarily propelled by a mixture 
comprised mostly of AP and aluminium. While 
space flight in general has significant detrimental 
environmental impact, the currently in use solid fuel 
is by far the most damaging option because of the 
chlorine content.68 Research with the aim to find a 
replacement of AP is ongoing, but as of yet no true 

alternative is available. Candidates of interest 
currently are ammonium nitrate (AN) and 
ammonium dinitramide (ADN), but both materials 
have severe drawbacks, such as, for example, the 
lower specific impulse achievable by AN and the 
thermal instability of ADN. Work on the 
development of novel energy dense oxidisers is 
carried out.69 An alternative to the classical mixture 
of oxidiser and fuel is the use of secondary 
explosives as part of the mixture. Propellants with 
comparable specific impulse to AP mixtures have 
been reported for a variety of high-performance 
secondary explosives, such as FOX-7 (1,1-Diamino-
2,2-dinitroethylene),70 HMX,70 and CL-20.71 The 
formulations are classified as composite modified 
double base (CMDB) propellants and are comprised 
of nitrocellulose and nitroglycerin to which the high 
explosive and aluminium powder is added.72 Such a 
CMDB containing HMX was used by the US military 
in their Trident II D-5 submarine launched ballistic 
missile.72 Utilisation of high-performance explosives 
as part of formulations is also research subject in 
the field of gun propellants. Triple base propellants 
typically containing nitrocellulose, nitroglycerin and 
nitroguanidine are most widely used for tank guns 
to date.73 The muzzle energy is a deciding factor for 
the efficacy of modern high performance kinetic 
energy ammunition like fin stabilised armour 
piercing discarding sabot rounds. It has been shown 
that the incorporation of 1,3,5-trinitro-1,3,5-
triazinane (RDX) can improve the chemical energy 
of the propellant and, thus, the muzzle velocity.73 

Explosives subdivide into primary and secondary 
explosives. The classification is based on their 
designated application. Primary explosives are 
typically used to initiate secondary explosives, 
propellants, or pyrotechnic charges because they 
are sensitive to external stimuli, such as electrical 
discharge, friction, heat, impact, or light 
irradiation.67 Upon stimulation, the material 
undergoes a fast transition from deflagration to 
detonation, which means that decomposition 
initially proceeds via subsonic heat transfer, but 
converts into a supersonic shock wave.74 The two 
most common military primary explosives are lead 
azide and lead styphnate,75 but alternatives are 
investigated because of the detrimental health and 
environmental effect of the contained lead. Lead-
free alternatives have been proposed, such as 
copper(I) nitrotetrazole (which is already in use as a 
substitute for lead azide in some applications75) or 
the highly energetic potassium 1,1’-dinitramino-
5,5’-bistetrazolate.76 Secondary explosives, also 
called high explosives, generally are less sensitive to 
detonation initiation than primary explosives. In the 
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past, secondary explosives were also more powerful 
than primary explosives, but recently this gap has 
been bridged for the most part. The utilised 
secondary explosives are best divided into civilian 
used and military used explosives. For civilian use, 
ANFO, a mixture of AN and fuel oil, is the most 
common explosive in the fields of mining and civil 
engineering77 because it is cheap, safe and easy to 
handle.78 Despite its low detonation velocity and 
pressure it possesses a high blasting efficiency 
because of its large volume of gas generated.77 The 
lower detonation velocity is not necessarily a 
disadvantage as it reduces the amount of fine grain 
generated around the blast hole. This reduces the 
material extraction time and depending on the 
mined good, increases the product value.79 
Trinitrotoluene (TNT), 1,3,5-trinitro-1,3,5-triazinane 
(RDX), and HMX are the most commonly used 
military high explosives. TNT has been in military 
use for over 100 years now manly because of its 
relatively low sensitivity combined with its 
extremely useful low melting point of 354 K which 
enables one to produce cast charges.80 
Composition B, a mixture of TNT and RDX, is the 
main explosive filling in, for example, artillery 
projectiles, hand grenades, and land mines. Octol, a 
mixture of TNT and HMX, is often used as an 
explosive fill in military application that require 
more energy than Composition B can provide.81 
HMX is also often used as polymer bonded 
explosive (PBX) in nuclear ordnance81,82 and has 
been used in naval shells.82 A PBX is an explosive 
material comprised of a crystalline explosive that is 
bound together in a matrix by a polymer. This 
procedure can serve several purposes. While TNT is 
insensitive and shapeable enough to be used as is, 
HMX and most other high explosives need some 
form of phlegmatization and shaping matrix. The 
polymer matrix can be comprised of an elastomer 
that can absorb shocks for reduced sensitivity, or 
hard polymers can be utilised to form a rigid PBX 
that is machinable.82 Depending on the utilised 
polymer, the PBX can be hydraulically pressed to 
reach bulk densities very close to the theoretical 
values. The higher density increases the detonation 
performance. Typically, very high solid loadings of 
90-95% by mass are reached. Such high solid 
loadings can only be achieved if the particle size 
distribution is carefully designed. In the absence of 
directing forces, the packing density of loose 
spheres of equal size can at best reach 63.7%.83 The 
packing density can be improved by adding smaller 
particles that fill the voids left between the larger 
particles. It can be calculated that by mixing spheres 
of a size ratio of 100:1, a packing density of about 
85% can be reached.84 Higher space fillings would 

require the addition of yet smaller particles. In 
reality, however, explosive particles typically are 
neither spheres, nor of uniform size. The particle 
diameters possess a size distribution after 
crystallisation. The particle size distribution and its 
corresponding volume-weighted mean particle 
diameter D(4,3)85 of a CL-20/HMX cocrystal batch is 
displayed in Figure 5. Because of this distribution, in 
praxis, a bimodal size distribution separated by one 
order of magnitude in size whose particle size 
distribution curves do not intersect has been shown 
to produce typically high enough solid loadings. The 
application of very fine crystals in the PBX can lead 
to an undesirably high viscosity. For this reason, a 
pairing of fine and coarse particles of around 
D(4,3) = 20 µm and 200 µm respectively is often the 
target. Crystals of compact morphology are 
beneficial to the processability of the PBX because 
of the detrimental effect of plate-like particles on 
the viscosity. Plate like particles could decrease the 
charge density because of inefficient packing which 
would reduce the performance of the PBX. 
Furthermore, crystals have a higher chance of 
contacting each other which also reduces the safety 

of the PBX. 
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Figure 5: The volume-weighted particle size distribution of a 
CL-20/HMX cocrystal batch is displayed in green. The orange 
line represents the volume-weighted mean particle diameter.    
Because of its intermediate particle size of about 75 µm, this 
batch would only be useful as seed crystals. 
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1.7 Energetic Material 
Performance Versus Safety 

In the field of military high explosives, improving 
the lethality of warheads and missiles as well as 
increasing the jet velocity of shaped-charges are of 
great interest.86 The primary criteria for the 
selection of a high explosive for these applications 
are the detonation pressure (pCJ) and the 
detonation velocity (D).86 D is the velocity of the 
shockwave front traveling through the high 
explosive during the detonation. This value can be 
experimentally determined using, for example, 
optical fibres placed across the charge.87 One can 
also calculate D and pCJ in various ways. One well 
established method was developed by Kamlet and 
Jacobs for C-H-N-O explosives.88 Here, four 
quantities are utilised to calculate D and pCJ: 

• The number of moles of gaseous 
detonation products per gram of explosive. 

• The average molecular mass of the gaseous 
products.  

• The total heat release during the 
detonation reaction. 

• The loading density of the explosive. 

If the crystal density of the explosive is used as the 
loading density, the D of the explosive itself is 
determined. In praxis the detonation velocity of a 
PBX is dependent of the bulk density of the whole 
charge. An increase in any of the listed quantities 
will increase D and pCJ. These four quantities give a 
good indication on how to improve the 
performance of a high explosive. The number of 
moles of gaseous products can be improved by 
oxidising the carbon backbone using nitro groups or 
by incorporating nitramine groups into the 
backbone. Ideally, enough oxygen is introduced to 
oxidise the carbon backbone completely. 
Substitution of C in the backbone by N not only 
improves the number of gaseous products per 
gram, but can also increase the total heat release 
because of the formation of highly stable N2. The 
total heat release can be increased by introducing 
ring or cage structures into the molecule because of 
the resulting strain. The density of an explosive can 
potentially be increased by utilising the polymorph 
of highest density. D and pCJ values for selected 
molecules are displayed in Table 1.86,89 

However, the use of these strategies often 
increases not only the performance of the high 
explosive, but also its sensitivity.89–91 In this context, 
sensitivity means how much energy has to be 
transferred to the high-explosive in order to trigger 

decomposition. Energy is typically transferred to 
the high explosive via heating, impact, friction, 
electric discharge, or light, and the required amount 
varies for each high explosive depending on the 
type of energy transfer. This is caused by the 
multitude of different contributing factors to the 
explosive’s sensitivity. Among other factors, the 
chemical composition, bonding of functional 
groups, distribution of charge density, 
stoichiometry, molecular ordering, grain size, 
crystal surfaces, presence of imperfections, and the 
decomposition pathways all contribute to the 
sensitivity.92 A few examples can help understand 
the complexity of these contributions. The high 
explosive PETN (2,2-bis[(nitrooxy)methyl]propane-
1,3-diyl dinitrate) is unusually susceptible to 
initiation via laser irradiation. Irradiation with a 
1060 nm (1.17 eV) laser can initiate decomposition 
supposedly by optical excitation of the molecule,93 
even though the optical band gap of PETN has been 
measured to be over 4 eV.94 But, the instead 
proposed purely thermal decomposition in reaction 
to the irradiation is also unlikely because the 
calculated activation barrier (146-150 KJ) and the 
analysed reaction mechanism are inconsistent with 
the experimental energy of laser initiation 
(113 KJ).92 Another example is the significant 
sensitivity difference of the two polymorphs 𝛽-HMX 
and 𝛿-HMX. 𝛽-HMX is the densest of the four 
known HMX polymorphs and it is stable at room 
temperature. When 𝛽-HMX is heated to 
temperatures above 435 K, a phase transformation 
to 𝛿-HMX occurs.95 During this transformation, the 
molecular ring conformation of HMX changes from 
chair to boat and the density decreases from 1.90 

Table 1: Detonation velocity and detonation pressure of 
selected high explosives 

name structure D / km s-1 pCJ / 
GPa 

CL-20 

 

9.4 41.9 

HMX 

    

9.13 38.1 

FOX-7 

        

8.61 33.8 

TNT 

    

7.01 20.7 
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to 1.78 g cm-3. It was believed that the resulting 
cracks and dislocations resulting from this 
transformation are responsible for the increase in 
sensitivity. Calculations of the primary 
decomposition pathways of HMX carried out for an 
isolated 𝛿-HMX molecule, the molecule placed in an 
ideal crystal, and on a free surface, however, 
indicate a different reason for the sensitivity 
increase. No significant difference in the activation 
energy between 𝛽-HMX and 𝛿-HMX was found for 
the individual molecule and the molecule placed in 
the ideal crystal, but a difference of 167 KJ mol-1 
was found for the activation energy of the N-NO2 
cleavage for the molecule placed on the free 
surface.92 It was speculated that the polar nature of 
the selected crystal surface of the 𝛿-HMX is 
responsible for this difference. 

Some contributing factors to the sensitivity, such 
as the chemical composition and the bonding of 
functional groups, are inherent to an explosive. 
Other factors, such as the molecular ordering and 
the crystal surfaces, are dependent on the crystal 
structure and can change, for example, between 
polymorphs or between the pure substance and a 
cocrystal. Other contributing factors, such as the 
presence of cracks and imperfections, are 
dependent on the crystal quality. The term 
imperfections contains a variety of entities,29 
(substitutional impurities,34 line defects,96,97 surface 
defects,35,98,99 and inclusions.32,97,100–102) that have all 
been linked to sensitivity increase in high 
explosives. Of these defects, gas inclusions have 
been studied the most extensively, and it was 
demonstrated very impressively by Borne et al. that 
significant improvements in shock sensitivity are 
possible by reducing liquid and gas inclusions in 
RDX.32,103 The correlation between the void fraction 
(the amount of inclusions) and the sensitivity of an 
explosive has been explained by the collapse of 
these voids when impacted by shock waves and the 
resulting production of “hot spots”.97,100 The 
concept of hot spots is normally used to describe an 
area of around 0.1-10 µm that is heated to a 
temperature above around 700 K that initiates the 
rapid decomposition of the explosive.97 These hot 
spots can, for example, form within an explosive 
crystal, in the binder matrix of a PBX, or as the result 
of gas bubbles in a liquid. The proposed 
mechanisms of hot spot formation as the result of 
pore collapse include the adiabatic compression of 
trapped gas in the void,97 the formation of a solid or 
liquid jet of material that is expelled from one side 
of the void and slams into the other wall,101,104 or 
viscous or plastic heating of the surrounding matrix 
material of the void.97 Furthermore, mechanisms of 
hot spots formation have been proposed that do 

not require the presence of voids in the crystal or 
matrix, such as spark discharge, triboluminescent 
discharge, friction between explosive crystals, 
localised adiabatic shear of the material during 
mechanical failure, or viscous heating of material 
rapidly extruded between impact surfaces.97All 
these mechanisms have in common that ultimately 
the decomposition of the explosive is believed to be 
initiated thermally, but it has recently been 
proposed that a more broadened view should be 
adopted to allow for other initiation mechanisms. 
More in depth analysis is require to increase the 
understanding of the relative roles of the 
postulated hot spot formation mechanism.92 

The efforts to reduce the sensitivity of munition 
have gained prominence as the result of many 
catastrophic explosions that resulted from 
unintentional initiation by either impact or shock, 
aboard aircraft carriers, ships, and munition 
trains.105 And while the packing and casing of the 
munition can have a significant effect on the 
sensitivity, the response of the munition to external 
stimuli depends to a large extent on the properties 
of the energetic material.106 

1.8 Properties of the CL-20/HMX 
Cocrystal 

CL-20 has not seen deployment as a high 
explosive despites its superior D and pCJ compared 
to HMX (Table 1). This is mostly caused by its 
relatively high sensitivity50,107,108 and its 
polymorphism.109 Even though four HMX 
polymorphs are known today, the 𝛽-polymorph 
posesses not only the highest density, but is also the 
only thermodynamically stable form at normal 
temperature and pressure. Four of the five known 
polymorphs of CL-20, however, can coexist at 
ambient pressure and temperature and can form 
solution mediated at temperatures between 310 
and 328 K.110,111 Such transformations could, for 
example, be induced by the platiciser used in a PBX. 
These facile transformations are undesired as they 
can lead to cracks in the crystals that can negatively 
affect mechanical propperties and sensitivity. In 
contrast, the CL-20/HMX cocrystal consisting of two 
molecules CL-20 per molecule HMX does not seem 
to exhibit polymorphism and no CL-20/HMX 
cocrystal of different stoichiometry has been 
observed. The cocrystal is expected to possess a D 
100 m s-1 higher than HMX and higher explosive 
power, but was measured to possess the same 
impact sensitivity as HMX in small-scale drop 
tests.50 These characteristics make it an interesting 
candidate for the use in military applications that 
require high D and pCJ values. However, further 
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properties and aspects need to be considered for 
the application of this cocrystal in PBX charges. The 
cocrystal inherits some characteristics, such as its 
toxicology, chemical compatibility, and thermal 
stability, from its parent molecules, but especially 
the aspects of practicality need to be specifically 
evaluated. 

1.9 Cocrystallisation Scale Up 
Challenges 

The crystallisation process of the cocrystal must 
meet the following requirements as the crystals can 
only then be used in PBX charges. The process must:  

• produce compact particles, 

• produce particles of tunable size 
distribution in the size region of 20 µm and 
200 µm, 

• produce high-quality crystals (e.g. low 
inclusion content, no cracks, single crystals, 
chemically pure,…) and 

• be time and material efficient. 

While the already discussed need for compact 
particles of defined size might be somewhat specific 
to the field of energetic materials, the requirement 
of high-quality crystals, however, is more universal. 
In the field of pharmaceutical cocrystals it is 
necessary to exclude by-products formed or to 
prevent solvent inclusions,112–114 and in the field of 
molecular electronics higher quality increases the 
efficacy of the material.45,46 The requirement of 
time and material efficiency is also not unique to 
energetic cocrystal production and is required 
because for practical use eventually tonnes of 
material have to be obtainable in a cost efficient 
manner. As a first step to test the viability of a 
system, a scale up to the 100 g-scale is sufficient to 
produce enough material time efficiently for the 
production of test PBX charges.  

The four requirements must be met by the 
selection of the three basic crystallisation 
parameters, the method, the conditions, and the 
solvent. This selection is limited a priori based on 
the characteristics of the cocrystal. The desired 
crystal quality limits which crystallisation methods 
can be considered. For the scale up of the 
CL-20/HMX cocrystal, the requirement for crystals 
of the highest quality means that only methods are 
considered which are in principle capable of 
producing high-quality crystals. Furthermore, for 
cocrystallisation, compared to regular 
crystallisation, two solubilities have to be 
considered instead of one. For many cocrystal 
systems a solvent or solvent mixture is easily 

identified that exhibits a beneficial solubility ratio of 
the CF. This is often the result of the significant 
chemical difference of the two CF. If one CF is more 
lipophile while the other CF is more hydrophile an 
intermediate solvent might level the solubilities. 
But, more factors have to be considered, such as the 
overall solubility, possible solvate formation, and 
the crystal morphology of the crystals grown from 
this solvent. Solvate formation can make 
cocrystallisation less reliable or less efficient 
because the solvate formation is a competing 
cocrystallisation. A solvent in which both CF are 
equally insoluble or a solvent that forms fine 
needles is oftentimes not useful. And in the case of 
CL-20 and HMX, the chemical composition is very 
similar; an intermediate solvent might, therefore, 
not exist. The literature data indicate that CL-20 is 
far more soluble than HMX. Such a discrepancy has 
significant impact on the material efficiency. 
Solvent, condition, and potentially method have to 
be chosen accordingly.  
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2 Motivation 
Cocrystals are very versatile in their use because 

of their ability to combine or alter the 
characteristics of their CF and will see a multitude 
of applications in the future, but generating the 
cocrystals introduces additional challenges to the 
design of a scaled-up crystallisation process 
compared to the crystallisation of a single 
component material. So, given the rather recent 
increase in interest in cocrystals, it is not surprising 
that scale up attempts are mostly still in their 
infancy. No scale up has been undertaken in the 
field of molecular electronics, while the only 
scale up in the field of energetic cocrystals above 
the single-digit-gram-range has been carried out for 
the CL-20/HMX cocrystal by means of spray 
drying.16,61 In the last decade, five API cocrystals, 
however, have been approved by the FDA.115 
Naturally, the exact cocrystallisation procedures are 
heavily obscured in the patents. The diabetes 
medication Suglat® seems to be obtained from a 
stoichiometric solution by cooling crystallisation.116 
In the patent, Odomzo®, a cancer medication, is 
obtained from a batch reaction cocrystallisation 
with phosphoric acid.117 It can be classified as a 
cocrystal because the crystal structure indicates 
that one of the two phosphoric acid entities is 
present in the crystal lattice in an undissociated 
form.115 Entresto® was approved for the treatment 
of heart failure. It is comprised of two API molecules 
(Valsartan and Sacubitril) whose cocrystallisation is, 
according to the patent, induced by transforming 
the molecules into their respective sodium salts by 
sodium hydroxide addition.118 This classifies it as a 
batch reaction cocrystallisation also. Steglatro®, 
which was approved as a diabetes medication, also 
appears to be obtained by batch reaction 
cocrystallisation.119 The preparation of Mayzent®, a 
treatment for multiple sclerosis, is especially 
obscured in the patent. It is possible that the 
cocrystal is obtained either by cooling, evaporation, 
batch reaction cocrystallisation, or a combination 
thereof. It is even possible that the crystal is 
obtained by spray drying.120 

Even though these scaled-up cocrystallisations 
have been described, it is yet unknown how 
universally these methods can be used in the 
various disciplines. It is, for example, unlikely that 
spray drying can be used to produce coarse 
cocrystal for the use in PBX because of the limited 
achievable particle quality, and even though batch 
RC seems to be the preferred cocrystallisation 
method in the pharmaceutical sector so far, it is 
unclear whether batch RC can be utilised to produce 

crystals of high-quality in the 200 µm-range as this 
was most likely not a requirement for the 
generation of the API cocrystals. Furthermore, 
because batch RC does not provide control over the 
supersaturation during the crystallisation it is 
reasonable to assume that high-quality crystals 
cannot be produced in this way for every system. 
This can also limit its application in the 
pharmaceutical sector. Cooling crystallisation, on 
the other hand, should be able to produce 
high-quality coarse crystals, but might feature 
inacceptable efficiencies if the CF are incongruently 
soluble. This is a universal problem of most 
established crystallisation methods, such as, 
antisolvent crystallisation and evaporation 
crystallisation, as they were developed for the 
crystallisation of a single substance and only one 
solubility is relevant in this case. For 
cocrystallisation, however, the solubilities of both 
CF, that can differ drastically, have to be considered. 

A cocrystallisation method must be able to 
combine good crystal quality with good material 
efficiency. Depending on the individual use of the 
cocrystal, further limitations are imposed on the 
crystallisation process. Especially for the use of 
cocrystals in the field of energetic materials, but 
also in the other fields, in-depth research of scalable 
cocrystallisation methods and their potential for 
efficiency as well as their capability of high-quality 
crystal production is required, particularly for the 
cocrystallisation of incongruently soluble CF. It is 
quite possible that no established method does 
suffice for incongruently soluble CF. In that case, 
alternative methods must be investigated. The scale 
up of the CL-20/HMX cocrystal for the use in PBX is 
excellently suited as a sample system for the trial of 
methods. Not only is this cocrystal of tremendous 
interest for the energetic materials community due 
to its lack of polymorphism and its presumed 
detonation and safety characteristics, but it also 
imposes a very strict set of limitations on the 
crystallisation method. Because the CF are likely 
incongruently soluble, the crystallisation method’s 
capability for efficient crystallisation is tested. And 
because of the correlation between crystal quality 
and sensitivity, the highest achievable crystal 
quality is sought after. This effort should elevate the 
knowledge of cocrystal analysis methods since 
methods to evaluate the crystal qualities achieved 
are required for further development and 
comparison of the applied cocrystallisation 
methods. The methods of crystal defects analysis 
need improvement. None of the established 
methods can be used to routinely assess the degree 
of crystal defects quantitatively, especially on the 
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laboratory-scale. For example, the detection of gas 
inclusions using GC requires an adaptation of the 
experimental conditions (e.g. argon atmosphere), 
the density flotation requires complex equipment 
and is complex to operate, and the quantitative 
detection of the degree of crystal defects by 
immersing the crystals in an optically equally dense 
medium requires, in its published form, the 
development of a detection algorithm and 
extensive manual labour. Given these 
shortcomings, alternative assessment methods 
must be found, or existing methods improved in 
order to be able to carry out routine crystal defect 
analysis even on a laboratory-scale. One promising 
method is helium pycnometry. However, in order 
for it to be useful, it is necessary to know the exact 
repeatability error of the method as well as the 
factors that influence the results. At present, only 
the presumably much larger reproducibility error is 
known, and no quantification of the possible impact 
factors has been undertaken. Furthermore, it is 
unknown whether the measurement results fulfil 
the prerequisites for the application of statistical 
tests to compare the results. These uncertainties 
currently limit the discriminatory power of helium 
pycnometry to an unusable level. 

The transferable knowledge obtained from this 
cocrystals scale up and its quality analysis should 
present a strategy that is adaptable to the scale up 
of other cocrystal systems, not only energetic ones; 
Furthermore, the improved or developed crystal 
quality analysis methods should be useful for the 
analysis of all crystals, not only cocrystals. 

The combined results might make it possible that 
previously unviable cocrystal systems can be 
implemented. 
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3 Aim and Objectives 
The requirements for the development of the 
scale up are concentrated in three research 
questions (RQ). The objectives imposed by the RQ 
are organised in the form of work packages (WP). 
The chapters in which the results of the WP are 
described are displayed in parenthesis after each 
WP.  
 
RQ1: How can the crystal quality be analysed 
sufficiently well to allow for the differentiation 
between and optimisation of the crystallisation 
methods? 

WP1: Suitable analytical methods must be 
identified or developed in order to be able to 
quantify and compare the chemical purity, the 
phase purity and the crystal defects of the crystals 
of samples even on a laboratory-scale. 
(chapter 5.1 and chapter 5.2) 
 

RQ2: Which combination of solvent and 
temperature can produce compact crystals 
efficiently without the formation of solvates? 

WP2: A solvent should be identified either from 
literature research or experimental work in which 
CL-20 and HMX are congruently soluble and no 
solvate formation occurs. Experimental work 
includes: 

• Systematic selection of solvents based on 
literature data (chapter 6.1) 

• Define test conditions (temperature, 
equilibration time, method, analysis method 
of the solid (chapter 6.1) 

• Identify any solvates that may have formed 
(chapter 6.1) 

• Determination of the solubility ratio at TP1 for 
the most promising solvents (chapter 7.1) 

• Determination of the crystal habitus of 
cocrystals grown from these solutions 
(chapter 7.1) 

 
RQ3: Which crystallisation method can produce 
high-quality cocrystal efficiently and reliably? 

WP3: The crystallisation processes known from 
the literature are to be tested with regard to 
which methods are basically capable of delivering 
high-quality crystals reliably and efficiently. This 
can result in either of the following two scenarios: 

• Once an established method has been 
identified that efficiently and reliably 
produces high-quality crystals, the method 
should be scaled-up to the 100 g-scale. 

• If no established method is able to produce 
high-quality crystals with acceptable 
efficiency and reliability, a method must be 
developed that can do this. This method must 
then be scaled-up. (Chapter 7.1 and chapter 
7.2) 
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4 Summary 
The content of chapters 5-7 has been published in 

peer-reviewed scientific journals. For ease of 
navigation of this thesis, a short summary of the 
papers is given in this chapter. 

 

High-Precision Density Measurements of 
Energetic Materials for Quality 
Assessment 

In chapter 5.1, the steps necessary to achieve 
reproducible density measurements using helium 
pycnometry are investigated. Because of the lack of 
reliable data, it was unclear from the literature what 
its maximum achievable precision is and, thus, it 
was unclear whether it is useful as a tool for 
assessing the quality of the CL-20/HMX cocrystal. It 
was found that even samples of non-hygroscopic 
material either have to be dried before 
measurement or flushed extensively in the 
pycnometer before the measurement, else false 
density values will be obtained. The density 
data points are, in principle, normal distributed, 
which would allow statistical tests to be used to 
compare samples, but the data are additionally 
significantly influenced by presumably the 
semidiurnal atmospheric pressure drift and the 
weighing error. Statistical tests such as the t-test121 
or ANOVA (ANalysis Of VAriance), therefore, almost 
always reject the similarity of repeat 
measurements. An analysis method was, thus, 
devised that takes these additional disturbances 
into account. Hence, if strict care is taken during 
sample preparation, samples whose density differs 
by as little as 0.001 g cm-3 can be differentiated with 
certainty. This precision is sufficient for the quality 
analysis of the CL-20/HMX cocrystal. 

 

Quality Assessment of the CL-20/HMX 
Cocrystal Utilising Digital Image 
Processing 

For the optimisation and comparison of the 
utilised cocrystallisation techniques, the ability to 
discriminate the chemical purity and phase purity of 
cocrystal samples of antisolvent crystallisation, 
batch RC, and semibatch reaction cocrystallisation 
(SBRC) was tested in chapter 5.2 using established 
analytical methods. The chemical purity was 
determined by HPLC and 1H NMR, and the solvent 
inclusion specifically was determined by GC. DSC 
and pXRD were used to identify the phase purity of 

the material. For the analysis of the crystal defects, 
the previously developed analysis method for 
helium pycnometry measurements and the results 
of digital image processing of photomicrographs of 
crystals immersed in an optically equally dense 
liquid were utilised. It was found that all 
crystallisation methods lead to an increased 
chemical purity of the cocrystal compared to the 
starting material of about 0.5%, but the prolonged 
time at 333.15 K for antisolvent crystallisation and 
SBRC leads to a slight increase (about 0.15%) in 
decomposition products of CL-20. According to the 
Rietveld analysis of the pXRD measurements all 
crystallisation methods yield more than 99.9% 
phase pure material. Based on the unexpectedly 
low density difference between the batch RC 
sample and the other samples and in conjunction 
with the determined solvent inclusions, the 
determined chemical purities, and the evaluation of 
the photomicrographs, it was concluded that batch 
RC produces crystals with less gas inclusions than 
antisolvent crystallisation and SBRC. Furthermore, 
the analysis of the degree of crystal defects based 
on the photomicrographs shows that SBRC on a 
pilot plant-scale can produce coarse crystals of 
equally high quality as antisolvent crystallisation on 
a laboratory-scale. 

 

Solubility Behaviour of CL-20 and HMX in 
Organic Solvents and Solvates of CL-20 

In chapter 6.1, the best achievable solubility ratio 
of CL-20 and HMX was investigated to identify 
solvents that enable efficient cocrystallisation. The 
solubility determination of CL-20 and HMX in 29 
solvents, systematically selected based on the 
limited literature data, at 293.15 K and 333.15 K as 
well as solubility determinations of CL-20 and HMX 
in selected solvent mixtures showed that none of 
the tested solvents and solvent mixtures exhibits a 
solubility ratio close to the stoichiometric ratio of 
the cocrystal. Six novel solvates of CL-20 with 
5-methyloxolan-2-one, 1,3-dioxolan-2-one, 
tetrahydrotiophene-1-oxide, 1,3-dioxolane, 
butane-2,3-dione, and furan-2-carbaldehyde were 
discovered. With the exception of furan-2-
carbaldehyde, the single crystal structure was 
determined for all novel solvates, and a novel CL-20 
conformation was identified in the 
tetrahydrotiophene-1-oxide crystal structure. The 
strict exclusion of solvate-forming solvents from 
consideration for cocrystallisation had to be revised 
because, of the ten solvents with the best solubility 
ratios five are known to form solvates with either 
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HMX or CL-20. Due to the large difference in 
solubility between CL-20 and HMX, in most cases 
the solvate phase region of CL-20 solvates would 
most likely have no overlap with the cocrystal phase 
region in which the cocrystallisation is carried out. 
Therefore, these solvents should generally be able 
to be used for cocrystallisation. 

 

Investigation of Crystallisation 
Conditions to Produce CL-20/HMX 
Cocrystal for Polymer-Bonded Explosives 

In chapter 7.1, the capability to form the cocrystal 
was tested for the ten solvents with the best 
CL-20/HMX solubility ratio. It was found that only 
acetonitrile is suited as a solvent, even though it is 
the solvent of the ten that possesses the worst 
solubility ratio. Of the other solvents, butane-2,3-
dione and dimethyl carbonate did non form the 
cocrystal reliably, tetramethylurea was chemically 
incompatible with CL-20, 4-methyloxetan-2-one, 
5-propyloxolan-2-one, 5-ethyloxolan-2-one, and 4-
methyl-1,3-dioxolan-2-one formed plate-like 
crystals and cyclohexanone had a poorer solubility 
ratio than acetonitrile at TP1. 

Using acetonitrile, the achievable crystal quality, 
efficiency, and reproducibility of antisolvent 
crystallisation, cooling crystallisation, and batch RC 
were tested, as well as the achievable efficiency of 
evaporation crystallisation calculated based on the 
determined phase diagram of CL-20, HMX and 
acetonitrile. It was found that antisolvent 
crystallisation, cooling crystallisation and batch RC 
were capable of producing high-quality crystals, but 
only antisolvent crystallisation could do this 
reliably, and robust batch RC experiments yielded 
only fine crystals of moderate quality. The 
antisolvent crystallisation suffers from a poor CL-20 
efficiency of 25% compared to the achieved 
efficiency of the batch RC of 55%. An efficiency as 
high as 79% was achieved for batch RC by recycling 
the mother liquor twice in consecutively carried out 
experiments. Solution recycling is, however, not an 
option for antisolvent crystallisation. 

 

Semibatch Reaction Crystallization for 
Scaled-Up Production of High-Quality 
CL-20/HMX Cocrystal: Efficient Because 
of Solid-Dosing 

Because no established cocrystallisation method 
was able to produce the CL-20/HMX cocrystal 
efficiently, reproducibly, and in high-quality, the 
new cocrystallisation method solid-dosing 

semibatch RC (SBRC) was developed which is 
presented in chapter 7.2. Here, the ability of batch 
RC to add excess CL-20 and HMX to the solution is 
coupled with the supersaturation control of 
antisolvent crystallisation to achieve a reliable 
method that is capable of producing the cocrystal of 
high-quality efficiently. As the solid-dosing rate 
must match the crystallisation rate, inline 
monitoring of the solution concentrations is 
required. This is achieved by a mid-infrared process 
spectrometer coupled to an attenuated total 
reflection (ATR) immersion probe. Coarse cocrystal 
of comparable quality to crystals produced by 
antisolvent crystallisation were obtained in the 
100 g-range with a CL-20 efficiency of 63%. 
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The following modifications were made to this paper: 

• The density measurement data was not included in the supporting information section, because it is 
150 pages long. 

• Temperatures were changed from °C to K to unitise the style in this work 
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Abstract: Even though helium pycnometry is considered a very precise method of density determination, its 
use to analyse factors influencing crystal quality (e.g. solvent inclusions, amorphous states, crystal defects…) is 
limited due to the unknown inherent accuracy of the method. Previous studies have attempted to identify the 
best possible accuracy of helium pycnometry. However, no robust method has been proposed to validate even 
the precision obtained. This means that the often occurring, seemingly random density deviations have never 
been satisfactorily explained. In this study the influencing factors on density measurements of the CL-20/HMX 
cocrystal and phase stabilised ammonium nitrate carried out with an AccuPyc 1340 TEC were quantified and a 
robust method of data analysis was developed to judge with certainty the quality and significance of the data 
obtained. This study shows that statistical tests such as the t-test and ANOVA cannot be utilised to differentiate 
between samples or repeat measurements, even though the density data points exhibit a normal distribution. 
By utilising confidence intervals and quantifying the three major sources of error (sampling error, change in 
barometric pressure during the measurement, and weight in error), a repeatability of 0.015% was achieved and 
a method was developed that enables differentiation between samples with a certainty as good as 0.05%. 

 

1 Introduction 

The skeleton density of solids is a useful tool in 
chemical industry and research for the detection 
of, for example, processing efficacy [1], 
composition [2], or for characterisation [3]. 
Specifically in the field of energetic materials, the 
density can be utilised to calculate the detonation 
velocity [4], asses the explosive’s quality [5], or the 
success of the generation of a pressed 
composition. 

The skeleton density is most commonly obtained 
by gas pycnometry which is considered to provide 
the closest approximation of the skeleton 
density.[6] Of the available density determination 
techniques of solids, gas pycnometry is one of the 
most user friendly due to the availability of easy to 
operate consumer grade devices lending it an air of 
simplicity that invites people to regard gas 
pycnometry as a standard analysis method. The 
high precision of pycnometry is strongly dependent 
on the measurement conditions as has been shown 
previously.[6] And even under optimised 
conditions, errors to the measurements remain 
and in-depth analysis is required to judge with 
confidence whether a repeat measurement is valid 
and whether one sample is significantly denser 
than another. Viana et al. [6] have published what 
is probably the most in-depth analysis of the 
influences on and optimal conditions for 
pycnometric density determination. Since then, 
some studies have used ANOVA [7] or confidence 
intervals [3] to analyse their results, but no 
fundamental analysis of the statistical character of 
the pycnometric measurement and the impact of 
the varying influences on the measurement have 
been published. So, to this date it is unexplored 
what the true accuracy of a pycnometric 
measurement is and whether the nature of the 
obtained data points even allows for the use of 
statistical tests. Here we expand on some of the 

previously reported challenges to a successful 
density measurement and the steps to optimise it 
and present additional challenges and the 
necessary data analysis of the results. Viana et al. 
[6] concerned themselves mostly with the quest 
for maximum accuracy of the data and closed their 
paper with the assessment that for the 
differentiation of products of different crystallinity, 
hydration, and polymorphic form very close 
density values must be compared and that this 
comparison is greatly influenced by the calibration 
of the device. Therefore, the first step in optimising 
gas pycnometric measurements on the quest for 
highest discriminatory power of samples must be 
to maximise the precision of repeat measurements 
but leave reproducibility for future studies. This 
study aims to explore the precision limits of helium 
pycnometry by investigating which errors 
dominate the density measurement, how to 
minimise these, and whether statistical test such as 
the t-test and ANOVA are applicable to optimised 
pycnometric density measurements to allow for 
statistically backed discrimination between 
samples under repeat conditions. If sufficient 
precision is achieved, helium pycnometry can be 
applicable for the quality assessment of the 
CL-20/HMX cocrystal discussed in this paper. The 
solvent content of the cocrystals, which depends 
on the crystallisation technique, ranges from traces 
of solvent (C3) through to 0.07 % (C2) and up to 
0.3 % (C1), which correlates with an expected 
density difference of 0.0018 g/cm3 for C3-C2 and 
0.0097 g/cm3 for C3-C1. While it is obvious from 
literature data that a difference of 0.0097 g/cm3 is 
detectable, it is unclear whether 0.0018 g/cm3 or 
even smaller differences can be resolved. 
Detection of such differences would make it 
possible to utilise gas pycnometry as a valuable 
tool for quality assessment of energetic materials 
of highest quality, a role that was formerly 
reserved for more sophisticated but hard to 
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operate and time consuming methods such as 
density flotation.[8] 

 

2 Material and Methods 

Sample mass was determined using a Kern 770 
analytical balance (accuracy 0.1 mg). 

The pycnometer was operated and reports 
compiled utilising the AccuPyc 1340 Windows 
Software. 

Density measurements were carried out using a 
micromeritics AccuPyc 1340 TEC 10 cm3. This 
configuration includes a temperature-controlled 
Peltier element. The heating/cooling element was 
set to 292.95 K for all measurements to achieve an 
average chamber temperature close to 293.15 K. 
(the chamber temperature can vary depending on 
the room temperature by about 0.4 K for the 
measurements presented here). Two chamber 
inserts can be utilised to reduce the chamber 
volume from 10 cm3 to 3.5 cm3 and 1 cm3, 
respectively. Sample cups were fitted with AccuPyc 
filter caps (10 µm pore diameter) to prevent the 
fluidation and discharge of sample material during 
measurements. The basic measurement principal 
is described elsewhere. [6, 9] He 5.0 was used as 
measurement gas. Between 1 and 100 purging 
cycles were carried out bevor measurement (see 
supporting information for specifics on each 
measurement). For most measurements a fixed 
equilibration time of 60 seconds was utilised. 

All utilised statistical methods have been carried 
out using OriginPro version 2019 9.6.0.172, 
OriginLab Corporation, Northampton, MA, USA. 

휀 CL-20 (lot number 573S98) was obtained from 
SNPE. The chemical purity has been determined via 
1H-NMR and HPLC to be 98.3 and 99.4 %, 
respectively. Further analysis details are found in 
the supporting information. 𝛽 HMX (lot number 
NSI 00E 000 E004) was purchased from Chemring 
Nobel. The chemical purity has been determined 
via 1H-NMR and HPLC to be 98.7 and 99.3 %, 
respectively. Further analysis details are found in 
the supporting information. Ammonium nitrate 
99.86% (LA 84802524) was purchased from 
Borealis Agrolinz Melamine GmbH. The Ni and NH3 
content of the PSAN was 2.5 % and 0.9 %, 
respectively. 

3 Results and Discussion 

In the following paragraph challenges to an 
accurate density measurement of energetic 
materials and ways to face them are presented. 
This list is likely not exhaustive, but it is based on 
the findings of Viana et al. [6], the ISO12154, [9] 

and the result of the measurements carried out of 
the abovementioned materials. In all likelihood 
additional challenges might occur with different 
materials such as for example extremely porous or 
amorphous substances. It is important to note that 
the aim of this study is to maximise the precision of 
the measurements to push the limit of significant 
comparison of samples as far as possible. Following 
the terminology of DIN ISO 2725 [10], if  

𝑦 = 𝑚 + 𝐵 + 𝑒 
with y being the measurement result, m the 

calculated mean, B the laboratory bias under 
repeatability conditions and e the random error 
occurring in every measurement under 
repeatability conditions, most of the optimisations 
presented here aim to minimise e. Minimising e 
maximises the precision of the measurements, but 
has only a partial influence on the accuracy of y. 
Therefore, samples can only be compared under 
repeatability conditions i.e. under conditions for 
which B is constant. It is obvious, that an approach 
that also minimises B would be preferable. As, 
however, for example the varying calibration 
standard volumes in the study of Viana et al. [6] 
have shown, some factors of B are possibly 
uncontrollable and a statistically sound verification 
of the accuracy is far beyond the scope of this 
study.  

3.1 Sample Volume 

Chamber and reference volume of gas 
pycnometers are typically calibrated using 
calibration standards in form of metal spheres. 
Maximum precision and trueness are achieved 
when the sample volume is identical with the 
volume of the calibration standard. Oftentimes, 
however, the bulk density of a material is 
significantly lower than its skeleton density. 
Typically, in these experiments a sample volume of 
less than half of the calibration standard volume 
was achieved by filling the sample chamber up to 
75% (as specified by the manufacturer) and 
without compaction of the solid. To be able to 
estimate the resulting increase in standard 
deviation the calibration standard of the 3.5 cm3 
cell (measurement K1) and the calibration 
standard of the 1 cm3 cell (measurement K2) were 
measured in the 3.5 cm3 cell. Both measurements 
achieved an identical volume standard deviation of 
0.0004 cm3; the density standard deviation of the 
smaller calibration standard was, however, over 
three times the standard deviation of the larger 
calibration standard (0.0088 cm3 and 0.0023 cm3, 
respectively). This factor 3.8 difference in density 
standard deviation is the result of the factor 3.4 
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difference in volume between the standards. One 
can, therefore, assume that by only obtaining half 
the calibration volume the standard deviation of 
the experiments is twice as high as necessary. The 
achievable sample volume can be increased by 
compacting the sample (increasing the bulk 
density) in the process of weighing in and by filling 
the sample cup higher than the recommended 75% 
filling height. The recommendation of 75% percent 
filling height is most likely the attempt of the 
manufacturer to prevent liability in case of product 
discharge from the sample cup, as the likelihood of 
such an occurrence increases with increasing filling 
height. “Overfilling” the sample cup should, 
therefore, only be considered if the sample 
material is certain to not be fluidised by the 
pressure drop during measurement and if the 
material is coarse and dense enough to not be 
carried along by the gas flow. Another very 
important aspect of the sample volume is that the 
measured sample density is dependent on the 
sample volume. Multiple studies [6, 7, 11] show, 
that with decreasing filling ratio the measured 
sample density decreases. This trend is shown 
exemplary in Figure 1 for the measurement of glass 
beads carried out by micromeritics. [11] Note that 
the deviation of the obtained density value from 
the maximum value is larger than the determined 
density repeatability for a cup filling percentage of 
under 40% in this test. Furthermore, it is important 
to note that 100% of cup filled means no more glass 
beads could fit in the sample cup, but even then, 
the sample fills only 47 cm3 of the 100 cm3 sample 
cup. Based on the trend in Figure 1 one can 
assume, that at least for glass beads the sample 
volume has a small influence on the obtained 
density if the sample volume is more than half of 
the sample cup volume. For maximum 
comparability it is still advisable to match the 

weight in as much as possible on repeat 
measurements and sample comparisons. 

3.2 Chamber Volume 

It is essential for the density determination that 
the measurement chamber volume is constant. 
Many factors can contribute to a change in 
chamber volume. In some gas pycnometers the 
sample chamber lid does not exhibit a defined 
stop. Here it is important to always apply the same 
torque when closing the lid. Other pycnometers 
require the application of vacuum grease to the 
seal. Here a calibration of the sample chamber 
volume after application should be carried out to 
accommodate for the change in grease volume. 
Furthermore, grease must be applied sparingly 
even when recalibration is carried out to prevent 
changing chamber volumes over time as the grease 
might be squeezed out of the chamber over the 
course of measurements. Other factors can 
contribute to a change in chamber volume such as 
scratches in the sample cup or sample remains in 
or on the sample cup and chamber. Residues in the 
mg-scale can already be enough to significantly 
alter the obtained density value. Therefore, 
manipulation of the sample cup should always be 
carried out wearing gloves to prevent water and fat 
deposition, and thorough cleaning should succeed 
every measurement. 

3.3 Calibration 

Chamber and reference volume calibration 
should be carried out with the same level of care as 
sample measurements. This includes to use the 
same number of data points (if possible by the 
programming of the pycnometer) as this increases 
the quality of the calibration. A calibration should 
always be verified upon completion. One easy 
method is to measure the calibration standard. By 
inserting the standard’s volume as the sample 
mass, a value of 1 g/cm3 is received that is 
henceforth called “density”. If the determined 
“density” diverges significantly from 1.0000 g/cm3, 
recalibration is necessary. Typically, a “density” in 
the region of 0.9999 and 1.0001 g/cm3 is 
achievable. An even better validation of the 
calibration is to utilise an auxiliary volume standard 
because if the calibration standard itself is 
damaged or altered, validation with it will still 
result in seemingly good values. As Viana et al. [6] 
have shown, their calibration standards of the 
three sample chamber volumes exhibited a 
correlated increase and decrease in volume over a 
6-month period. As it is unlikely that the calibration 

Figure 1: Measured density of glass beads dependent on the 
percentage of fill of the sample chamber. 
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standards would concerted increase and decrease 
in volume (except for temperature effects) it is 
more likely that changes in the pycnometer itself 
or in the surrounding conditions are responsible. 
The only true validation of a density value can, 
therefore, only be obtained by measuring the same 
sample in different pycnometers.  

3.4 Leak Tightness of the Helium Line 

Even though for many substances it is almost 
irrelevant whether helium or nitrogen is used as 
measurement gas, it can be very important to 
ensure that the helium line is free of leakages. This 
can be most efficiently carried out by utilising 
specialised portable helium leak detectors. If a 
helium leak occurs in a non-permanently 
pressurised part of the helium line, the line will fill 
with air that is subsequently flushed through the 
sample chamber in the pycnometer. This can be 
detrimental if the sample is hygroscopic or reactive 
towards oxygen or water. 

3.5 Room Climate 

The room temperature can have a significant 
impact on the quality of a pycnometric 
measurement, as the density of most materials is 
temperature dependent. Ideally a measuring room 
should be conditioned to 293.15 K and a 
pycnometer with active temperature control 
should be employed. If no climatisation is available, 
varying room temperature in general does not 
exclude the possibility of high precision 
measurements. Even under room temperature 
deviations of 10 K over the course of 24 h, stable 
density measurements are possible under the 
condition that the pycnometer is equipped with a 
heating/cooling device. In Figure 2 the measured 
“density” of the measurement K3 of the calibration 
standard of the 3.5 cm3 cell and the chamber 
temperature are displayed over the number of 
data point. The temperature trend is the result of 
the decreasing room temperature overnight, and 
the increase in temperature in the morning at 
around data point 400 was caused by the 
automated room heating. Even though the room 
temperature increased by around 5 K over the 
course of minutes, no influence on the 
measurement is apparent (the determined 
“density” of 0.9997 g/cm3 indicates that a 
calibration was necessary for following precision 
measurements). 

The other influence of temperature - the 
decrease of material density with increasing 
temperature - appears to be too weak for the 
calibration standard to be noticeable here. 

However, the measurement temperature is not 
inconsequential. For the cocrystal discussed later, 
the thermal expansion can be estimated from the 
cryogenic crystal density of 2.001 g/cm3 at 95 K 
[12] and the room temperature density of 
1.957 g/cm3. By assuming a constant expansion 
coefficient in this temperature frame, a 1 K 
temperature difference should amount for a 
density difference of around 0.0002 g/cm3 which 
can be quite significant.  

3.6 Sample Dryness 

Of all the abovementioned factors none is as 
impactful on the quality of the received data as the 
sample’s water content and none is as 
counterintuitive. With the exception of the 
calibration standards all measured samples 
discussed in this paper exhibited a decrease in 
measured density over the course of 10 to 
400 data points. And while it appears obvious that 
evaporating water could not be responsible, 
because water evaporation should decrease the 
sample volume and, therefore, increase the 
density over time, the opposite is the case. [6, 7, 9, 
13–15] As the pressurised helium is virtually free of 
water the partial pressure of water is also zero. As 
a result, even strongly hygroscopic material in most 
cases will release water if no special care has been 
taken to ensure sample dryness. The continuous 
evaporation of water will increase 𝑝1 (pressure 
after charging the sample chamber with helium) 
and 𝑝2 (pressure after equilibration of the sample 
chamber pressure and reference chamber 
pressure) values. Even though both values are 
increased, only the increase in 𝑝2 influences the 
volume determination, as an increase in 𝑝1 only 
offsets the system pressure. An increased 𝑝2 due 
to evaporating water during the equilibration 
period seemingly indicates a lower sample volume 
and, therefore, a higher sample density. It is for this 
reason, even though the sample loses volume in 
form of water, the measured sample volume 

Figure 2: Overlay of the temperature data points (orange 
squares) and the “density” data points of K3. 
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increases with each data point, as less and less 
water evaporates over time. The effect of the 
evaporated water on the measurement is 
magnitudes stronger that the effect of the loss of 
condensed water in the sample, because the 
volume of the gaseous water is several hundred 
times larger. Kikuchi et al. [15] have written a very 
comprehensive derivation of the density error due 
to water evaporation. 

Insufficient sample dryness can result in multiple 
different implications for the result of a density 
measurement. A too wet sample might not be 
measurable at all, as too much water evaporates 
constantly and the equilibrium condition is not met 
within the permitted time frame. A wet but 
hygroscopic sample might lose water slowly 
enough that the equilibration condition is met, but 
does not reach a constant volume for hundreds of 
purging/measuring cycles [13] and the obtained 
density in the end is too high, as the sample has lost 
mass (and, therefore, volume) since it has been 
weighed in (this can be remedied by additional 
weighing of the sample after the density 
measurement and recalculation of the density 
based on the new sample mass [9]). Even a non-
hygroscopic sample might have substantial 
amounts of water adsorbed especially if the 
crystalline structure exhibits cracks or pores. In the 
following, the density trend over time is discussed 
for two material systems. 

3.6.1 Phase Stabilised Ammonium 
Nitrate (PSAN) 

Ammonium nitrate is hygroscopic. PSAN [16] 
typically exhibits a water content of around 0.2% 
after processing. Sample drying in vacuum, 
however, could be detrimental to the stability of 
the instituted amine complex. For a good 
measurement it is, therefore, required to increase 
the number of purging cycles to eliminate the 
initial drop in density. Typical measurements of 
PSAN are displayed in Figure 3. The blue squares 
(PSAN1) and orange triangles (PSAN2) data points 
are two consecutively carried out density 
measurements on the same sample. The green 
circles (PSAN3) and teal rhombs (PSAN4) 
data points are two consecutively carried out 
density measurements of a sample of a different 
PSAN batch. The data gap between measurements 
is the representation of the ten purging cycles 
carried out at the beginning of each measurement. 
Several findings can be derived from the data. The 
density drift for both samples is around 0.02 g/cm3 
with 20% deviation between the two. The 

reduction in density appears to exhibit an 
exponential decline which is congruent with the 
idea of evaporating water. As a result, no clear 
endpoint to the drift can be defined. For efficiency 
reasons it was stated that 60 flushing cycles are 
sufficient to reduce the density drift to an 
acceptable level, even though a weak drift appears 
to be present in the data points of PSAN4 even 
after 100 data points. While the PSAN1 data points 
exhibit an obvious drift during the whole 
measurement, the PSAN3 data points do not. 
Especially the first 10 data points might mislead an 
operator to assume density constancy, even 
though a strong drift is underlying that is just 
randomly obscured in this case. This highlights the 
necessity to run measurements of high data point 
counts when a new material is analysed to end up 
with a more in-depth insight in the response the 
material exhibits to the measurement. 

  

3.6.2 CL-20/HMX Cocrystal 

HMX and CL-20 are non-hygroscopic, insoluble in 
water, and not easily wettable by water. The 
cocrystal samples discussed in this paper have 
been prepared following the previously published 
procedures. [17, 18] Cocrystal 1 (C1, Figure 6) was 
obtained by slow phase transformation at 293.15 K 
in 2-propanole, while cocrystal 2 (C2, Figure 7) was 
obtained by reaction cocrystallization at 333.15 K 
in acetonitrile, and cocrystal 3 (C3, Figure 8) was 
obtained by refined antisolvent crystallisation. The 
water contents are 0.035 %, 0.028 % and less than 
0.02 % for C1, C2 and C3, respectively. Results of 
the density measurements of the cocrystal samples 

Figure 3: Visualisation of the initial density drift of PSAN. 
PSAN2 (orange triangles) is the direct repeat measurement 
of PSAN1 (blue squares). PSAN4 (teal rhombs) is the direct 
repeat measurement of PSAN3 (green). The gaps are caused 
by the 10 flushing cycles before PSAN2 and PSAN4. The first 
10 data points of PSAN3 are magnified. 
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C1.1 and C2.1 are displayed in Figure 4. C1.1 
exhibits a strong density drift (0.008 g/cm3), while 
C2.1 exhibits a drift of 0.0028 g/cm3. The drift of 
C1.1 seems to persist until around data point 300 
which is even longer that the drift observed in 
PSAN while the drift of C2 only persists for about 
50 data points. The difference in behaviour 
between C1.1 and C2.1 lies most likely in the 
partially porous nature of C1.1 as can be seen in 
Figure 6, while C2.1 exhibits mostly internal 
defects and some cracks that propagate through 
the material. In theory, the drift in density could 
also be caused by other factors. For example, for 
C1.1 a vestige of 2-propanol from the 
crystallisation process could also explain the 
behaviour. However, a second density 
measurement carried out after two days on the 
very same sample material exhibited again a 
density drift of 0.004 g/cm3 which indicates that 
even though the material is non-hygroscopic it 
appears to collect water from the air most likely 

because of its porous nature. 
The data points of C2.1 start at 10 and the first 

10 data points of C1.1 are displayed in grey in 
Figure 4 to accentuate that the measurement of 
C1.1 was carried out with one flushing cycle, while 
the measurement of C2.1 was carries out with ten 
flushing cycles and to provide better comparability 
between the two measurements. The reduction of 
flushing cycles can provide insight into the sample 
behaviour if the time allows for it, as flushing cycles 
are around five to ten times faster than measuring 
cycles. The insight lower flushing cycle numbers 
can provide is best seen in Figure 5 where the first 
150 data points of the measurements of C1.1 and 
C3.1 are displayed. 

C3.1 exhibits a substantial drop in density of 
0.024 g/cm3 for the first 10 measurements that is 

three times larger than even the drop of C1.1. Even 
with only ten flushing cycles this drop would have 
been obscured and the sample would have been 
declared free of any drift. Because C3.1 is virtually 
free of defects especially on the surface, the most 
likely explanation for the sample’s density drift is 
traces of water present as a thin film on the surface 

Figure 5: Visualisation of the initial density drift of C1.1(orange 
triangles) and C3.1(green).  

Figure 4: Visualisation of the initial density drift of C1.1(orange 
triangles) and C2.1(light blue circles). The first nine data points 
of C1.1 are greyed to aid in the comparison of the drift, as C2.1 
was preceded by 10 flushing cycles and C1.1 of only one. 

Figure 6: REM image of cocrystal 1. 
 

Figure 7: Macroscopic image of typical crystals of cocrystal 2. 
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of the crystals and the sample cup. The comparably 
high rate of density reduction during measurement 
is most likely also the result of the smoothness of 
the crystal surfaces of C3.1 compared to C2.1 and 
C1.1. 

These three different drifts that C1, C2, and C3 
exhibited, even though they are the same base 
material, highlight how important it is to adapt the 
measuring parameters to the sample if highly time 
efficient measurements are needed. If time is not 
of the essence, it always pays to increase the 
number of data points to increase the information 
content of the data. A reduction of flushing cycles 
can also serve to increase the information content, 
as it provides data about the strength of the initial 
drift of the sample.  

3.7 Data Analysis 

All the abovementioned strategies aim to 
improve the quality of the density measurement. 
In themselves they, however, do not provide 
certainty that the obtained data is correct. 
“Correct” is in any event the wrong terminology, as 
it is obvious from the graphs above that every 
measurement possesses varying degrees of 
uncertainty. Aside from the standard deviation of 
the individual measurement additional errors that 
affect the repeatability of the measurement can 
occur. One tends to meet this uncertainty by 
duplicate measurements and comparison of the 
obtained average density. A true duplication at this 
point involves removing the sample from the 
sample cup, cleaning of the sample cup, and to 
weigh in the sample anew. Only in doing so the 
errors stemming from sample inhomogeneities, 
weight in errors, changes in sample chamber 
volume, etc. can be statistically comprised. A 
better way than to simply compare the two 
received density values is to carry out a true 
statistical analysis. Thereby one is able to 
determine whether a difference in the received 
density averages is likely caused by random 

sampling error or an underlying additional source 
of error. Furthermore, one is able to tell whether 
the amount of data points even allows for such a 
differentiation. For a duplicate measurement of 
one sample a t-test [19] is a fitting method, while 
for the comparison of multiple samples ANOVA 
with an appropriate post-hoc method is suitable. 
While non-parametric methods are also an option, 
in case of pycnometry, however, all the special 
requirements that parametric methods demand 
from the sample data can be met. In the following 
paragraphs the data requirements for statistical 
analysis are discussed.  

3.7.1 Test for Outliers 

It is proven that ANOVA is affected by extreme 
outliers [20]. The removal of these outliers should 
always be considered in a proper density 
measurement, as no reasonable explanation exists 
why these values should occur aside from freak 
measurement error. If, however, a multitude of 
such outliers occur, this might indicate an 
underlying issue of the measurement. The first 
three measurements undertaken with the 
Accupyc II TEC utilised in this study on spheriglass 
A2227 exhibited an almost bimodal density 

distribution as seen in Figure 9. 
This effect occurred for three measurements and 

then disappeared for the following measurements. 
This was not further studied, but might be related 
to the gas inclusions close to the surface of the 
glass beads. Obviously, these extreme outliers are 
too numerous to be considered freak occurrences 
and should not simply be removed. The general 
exclusion of moderate outliers in contrast to 
extreme outliers is also debatable. A fast and clear 
visual representation of the data to judge outliers 
in the data is the box plot. [21] In Figure 10 right, 
the volume data of K3 on the left is represented by 

Figure 8: Macroscopic image of cocrystal 3. 

Figure 9: The bimodal distribution of the density 
measurement of spheriglass A2227 is shown. 
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a box plot. The green horizontal line represents the 
median of the data, the box represents the position 
of 50% of the data, the blue so-called whiskers 
indicate the data that lie within 1.5 times the box 
height (interquantile range IQR), and the orange 
rhombs visualise the mild outliers i.e. outliers that 
lie within the region of 1.5 IQR to 3 IQR. Because 
the reason of the appearance of these mild outliers 
is unclear, general removal of the data points 
might be ill advised. In chapter 3.7.3, however, it is 
shown that the removal of these mild outliers can 
significantly improve the normality of the data. 
Further study is required to develop a general 
procedure concerning mild outliers. 

Based on the gathered data it appears prudent to 
remove extreme outliers if they appear as singular 
freak appearances, but to reevaluate the entire 
measurement if a multitude of extreme outliers 
occur and to remove mild outliers if appropriate. 

3.7.2 Underlying Trends 

One prerequisite for any meaningful data 
analysis in this context is that the data points are 
free of any permanent drift. Due to the differences 
in sample densities, for best comparability the 
volume data drift is regarded. Any meaningful drift 
analysis requires at least around 100 data points. 
Seven measurements of the cocrystal batches C2 
and the calibration standard of at least 
150 data points were, therefore, analysed. Most 
measurements exhibit a volume drift of around  
1 ∙ 10−6 cm3/data point and only two of eight 
measurements exhibit a drift of around  
1 ∙ 10−7 cm3/data point (C2.3, K3). The volume 
drift appears to be mostly independent of the 
measured material, as the smallest  
(8 ∙ 10−8 cm3/data point, C2.3) and second largest 
(2.7 ∙ 10−6 cm3/data point, C2.1) volume drift was 
obtained from the same sample in different runs 

and the calibration standard achieved an only 
marginally better drift than average  
(2.6 ∙ 10−7 cm3/data point). Of the seven 
measurements two exhibited a linear increase in 
sample volume (C2.5, K3), three a linear decline 
(C2.1, C2.2, C2.3), and two measurements showed 
a change in the algebraic sign of the volume drift 
(C2.4, C2.6). This inhomogeneous behaviour 
indicates that the volume drift is not a 
characteristic of the measured sample, but of the 
pycnometer itself. It is important to determine 
whether the monotonically decreasing and 
increasing volume drifts are indefinitely ongoing. 
Because if they were, this would render such 
density measurement meaningless, as the 
achieved density would be dependent on the 
length of the measurement. To investigate this, a 
900 data point (C3.3) and a 600 data point (C3.4) 
measurement of C3 were carried out. These 
measurements took 45 and 31 hours, respectively. 
It was thus possible to investigate whether the 
diurnal and semidiurnal barometric pressure cycles 
that result in a fluctuation of atmospheric pressure 
of 0.3 to 3 hPa depending on location [22] with a 
periodicity of around 12 hours each could be the 
reason for the volume drift. The utilised barometric 
pressure data was measured at the meteorological 
station Karlsruhe located around 10 km from the 
place of experiment. As the AccuPyc 1340 is fitted 
with a gage pressure sensor, the actual barometric 
pressure is of lesser importance compared to the 
rate of pressure change, because a change of 
barometric pressure between the determination of 
𝑝1 and 𝑝2 will influence the measured pressure 
difference. A reduction in barometric pressure 
after the determination of 𝑝1 will lead to a relative 
increase of 𝑝2. A higher 𝑝2 normally correlates to a 
sample of lower volume and, therefore, higher 
density. An increase in barometric pressure 
accordingly leads to a lower density. A simple 
recalculation of the sample density based on 
modified 𝑝2 data was carried out following the 
formula  

𝜌(sample) =
𝑝2 + ∆𝑝 − 𝑝1

(𝑝2 + ∆𝑝)(𝑉r + 𝑉c) − 𝑝1 ∙ 𝑉c

∙ 𝑚(sample) 

Figure 10: Volume data points of K3 on the left and the 
corresponding box plot on the right. Outliers are depicted as 
orange rhombs. 
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with the sample chamber volume (𝑉c), the 
reference volume 𝑉r, the initial pressure 𝑝1, the 
equilibrium pressure 𝑝2, ∆𝑝 the atmospheric 
pressure change between the measurement of 𝑝1 
and 𝑝2, and the sample mass m(sample) to 
investigate whether the magnitude of pressure 
change is sufficient to explain the density 
fluctuations. The calculation was carried out under 
the following assumptions. 0.5 hPa/h was chosen 
as maximum positive and negative pressure 
change. This value was derived from the actual 
atmospheric pressure data for the measurements 
C3.3 and C3.4. It was assumed, that the time frame 
of the interference of the pressure change is 
around 0.03 h of the 0.05 h each individual data 
point determination took. This resulted in a 1.5 pa 
deviation per measurement between the 
determination of 𝑝1 and 𝑝2. 𝑝1 was left unmodified 
and 𝑝2 was increased or decreased in the 
calculation to receive the maximum and minimum 
density values, respectively. The calculation was 
carried out based on actual 𝑝1 and 𝑝2 values of 
C3.3. The thereby obtained difference in density 
between maximum and minimum density is 
0.0012 g/cm3 for this specific sample. This is in 
remarkable agreement with the actual discrepancy 
within C3.3 of 0.0013 g/cm3. Assuming that the 
rate of change of the barometric density 
fluctuation is about the same for most days its 
influence in dependence of the utilised sample 
chamber insert and sample volume can be 
estimated. The measurement C2.2 can serve as a 
realistic scenario for the 10 cm3 cell. Here the 
sample volume of 4.3 cm3 fills the sample chamber 
volume to about 40 % which is a rather good value 
for most samples due to their low packing density. 
Here, under the same assumptions as for C3.3 a 
density deviation of 0.00025 g/cm3 is calculated. 
This is also in good agreement with the amplitude 
of 0.0002 g/cm3 of a 4th order regression curve of 
the measurement C2.2. The obtained atmospheric 
pressure data for C3.3 and C3.4 were 
differentiated and the resulting curves are 
superimposed with the fitted density curve of the 
two measurements in Figure 11 to evaluate the 

correlation between the obtained density values 
and the change in barometric pressure. 

Both density progressions do not seem to fit the 
change in barometric pressure. This is best seen in 
the change in correlation of the global minima of 
the  

density curve of C3.3 to the barometric pressure 
change compared to the correlations of the local 
minima. Also, none of the local minima of the 
density curve of C3.4 correlate to the maxima of 
the barometric pressure change curve. It could be 
possible that the discrepancies are explained by 
the spatial distance between the meteorological 
station and the place of experiment or variations of 
the length of the individual measurements. Further 
study is required to explain the lack of correlation. 

Table 1: Summary of the obtained p-values from the Shapiro-Wilk test dependent on the applied data treatment 

designat
ion 

nr. of 
data points 

raw data 
raw data 
detrended 

recalculated 
data 

recalculated data 
detrended 

polynomial detrended and 
outliers removed 

K3 481 <0.01   0.26   0.20 0.50 0.20 
C2.2 282   0.02   0.05   0.08 0.14 0.19 
C2.3 336   0.05   0.06   0.02 0.02 0.17 
C2.4 150 <0.01   0.01 <0.01 0.01 0.25 
C2.5 150   0.21   0.94   0.41 0.73 0.55 
C3.3 701 <0.01   0.43   0.09 0.27 0.17 
C3.4 416 <0.01 <0.01   0.28 0.45 0.42 
average    0.04   0.25   0.16 0.30 0.28 

Figure 11: Overlay of the rate of barometric pressure change 
(black) with the smoothed density data points for C3.3 (top) 
and C3.4 (bottom). 
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This, however, does not mean that the calculated 
influence of the barometric pressure change on the 
density value is wrong, as this value is derived 
directly from real pressure change data and is not 
contradicted by the additional findings. These 
calculated values can, therefore, still be used for 
the explanation of some of the occurring error of 
the density measurements. These values are only 
valid for stable weather conditions. In case of a 
superimposed drop or increase of the barometric 
pressure in addition to the diurnal and semidiurnal 
barometric pressure cycles a stronger density 
variation is to be expected. It appears, therefore, 
advisable to also check the current weather 
development on performing high precision density 
measurements, as this might explain an increased 
drift in measurements or discrepancy between 
measurements. Furthermore, on the quest for best 
accuracy one might be tempted to choose stricter 
equilibration conditions than the standard 
35 hPa/min. This could, however, even reduce the 
accuracy as it increases the measurement time 
and, therefore, the influence the change in 
barometric pressure should have on the 
measurement. It is noteworthy that the influence 
of the change in barometric pressure should only 
affect gas pycnometers equipped with gage 
pressure sensors, as absolute pressure sensors 
should provide constant pressure values even 
under changing barometric pressure. 

3.7.3 Test for normality 

A special requirement of parametric tests is a 
specific distribution of the data [23] typically a 
normal distribution.[24] A multitude of test 
methods for normality exists. Of these it appears 
that the Shapiro-Wilk test [25] is the most powerful 
and universal test in most situations. [26, 27] It was 
shown that for normal distributed data the Type I 
error rate of the Shapiro-Wilk test is independent 
from the sample size, [26] but the test power 
increases strongly for most non normal distributed 
data with increasing sample size.[26] The most 
reliable results should, therefore, be expected at 
larger sample size. Normality of the density data is 
thus only discussed for measurements of at least 
150 data points. Because of the similar nature of 
each density measurement one can assume that if 
the majority of density measurements of more 
than 150 data points satisfies the normality 
condition, all data points of proper density 
measurements are random samples of a normally 
distributed population, even if the individual 
measurement’s normality is rejected. This 

assumption might fail if different sample material 
is probed that  

possesses a sufficiently disruptive character to 
the measurement itself. Which again only 
highlights the necessity of performing density 
measurements of high data point count for any 
new material. Seven data sets were tested for 
normality utilising the Shapiro-Wilk test. Only data 
point regions with a linear volume drift of less than 
2 ∙ 10−6 cm3/data point were used. The obtained 
p-values (probability values) are summarised in 
Table 1. Of the seven sets only two passed the test 
unrefined and one of them barely. This indicates 
that the raw volume data points are not normally 
distributed. Four data refinements were carried 
out to investigate whether an improvement of the 
data is possible. The underlying linear drift of the 
data was eliminated in such a fashion that the 
average volume was conserved. The volume was 
recalculated based on the sample chamber volume 
𝑉c, the reference volume 𝑉r, the initial pressure 𝑝1, 
and the equilibrium pressure 𝑝2 following the 
formula  

𝑉(sample) =
𝑝2(𝑉𝑟+𝑉𝑐)−𝑝1∙𝑉𝑐

𝑝2−𝑝1
. 

A linear detrending of the recalculated data was 
undertaken. And the raw data were detrended 
utilising a regression function typically of 3rd or 4th 
order while maintaining the average volume 
followed by removal of all outliers. The comparison 
of the resulting data sets per measurement allows 
some conclusions. From Table 1 it is obvious that 
every data treatment improved the normality of 
the data on average. The strongest single impact 
on normality has linear detrending. That 
recalculation of the data improves the normality 
seems to indicate that the pycnometer uses 
additional hidden parameters to calculate the 
sample volume which influence the normality of 
the data. Only by combining polynomial detrending 
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and outlier removal do all measurements pass the 
test.  

The impact of outlier removal can easily be 
identified at C2.4, for which neither the untreated 
nor the detrended data achieved a satisfactory 
p-value. On inspecting the box-plot (Figure 12 
right) one finds that no extreme outliers are 
present, but the lower outlier comes close. The 
removal of this one outlier, however, does not 
improve the p-value significantly. The additional 
removal of the two upper outliers increases the p-
value of the detrended raw data from 0.01 to 0.23. 
For this measurement it is easy to identify that the 
outliers are caused by a disturbance of the 
measurement and are not part of the regular 
population. This can be deduced from the temporal 
closeness of the outliers. This might indicate that 
every outlier is the result of a disturbance, albeit in 
many cases a less obvious one. It could, therefore, 
be argued that every outlier, not only the extreme 
ones, is to be removed to improve the quality of 
the data. The poor p-value of C2.3, however, can 
only be marginally improved by removing the eight 
outliers. As it was discussed in section 3.7.2 likely 
due to variations in barometric pressure, density 
measurements possess a periodic fluctuation. 
Linear detrending only removes part of its 
influence. For C2.3 polynomial detrending was, 
therefore, applied. By polynomial detrending alone 
a p-value of 0.07 was achieved which is only 0.01 
better than linear detrending. By additional 
removal of the outliers a p-value of 0.17 was 
achieved which is markedly better than the 0.1 for 
linear detrending and outlier removal. From 
Table 1 it can be seen that by removing outliers and 
the polynomial drift of the data every 
measurement passes the normality test with 
typically a quite significant p-value. This indicates 

that the density measurement in itself produces 
normal distributed data points. The normal 
distribution is, however, heavily influenced by a 
variety of disturbances. The strengths of these 
disturbances vary and might lead to measurements 
that even after post treatment do not fulfil the 
normality condition. Due to their underlying 
normality it appears appropriate to extrapolate 
from the tested measurements that most density 
measurements are fit for statistical analysis, even 
though some measurements might benefit from 
appropriate post treatment such as removal of 
outliers. 

3.7.4 Homoscedasticity 

The density’s standard deviation of a sample 
measurement appears to be dependent on the 
sample volume as discussed in section 3.1, but it 
also seems to be dependent on additional factors. 
An unexplainable trend of standard deviation 
occurred in the study of Viana et al. [6]. Here three 
measurements of mannitol in the 10 cm3 cell have 
a ten times larger standard deviation than the 
measurements in the 1 cm3 cell and a 3.5 times 
larger standard deviation than the measurements 
in the 3.5 cm3 cell, even though the trend should 
be reverse. For other tested materials (glass beads 
and quartz) the expected standard deviation trend 
was observed. In the present study for C3, four 
measurements were carried out where between 
measurements the sample chamber was not 
opened. Measurements C3.1 and C3.2 were 
carried out directly after one another. Between 
measurement C3.2 and C3.3 as well as C3.3 and 
C3.4, however, the sample rested within the 
sample chamber for 34 hours and 96 hours, 
respectively. Not only did the initial drift interval 
increase from 10 data point for C3.1 and C3.2 to 
about 200 for C3.3 and C3.4, but also the standard 
deviations of the regions free of strong drift of C3.3 
and C3.4 are with 0.001g/cm3 and 0.0009 g/cm3, 
respectively, distinctly lower than for C3.1 and C3.2 
with 0.0025 g/cm3 and 0.002 g/cm3, respectively. 
The reason for this different behaviour is unknown 
and it is unclear whether it is caused by the sample 
or the device. A similar behaviour is sometimes 
observed where during a measurement the 
standard deviation suddenly increases or 
decreases. This is displayed in Figure 13 for two 
measurements of C1. For clarity, C1.3 is shifted by 
300 data points. C1.2 shows a decrease in standard 
deviation at about data point 150, while C1.3 
shows an increase in standard deviation at about 
data point 400. It appears unlikely that the samples 

Figure 12: Volume data points of C2.4 on the left and the 
corresponding box plot on the right.  
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could exhibit such behaviour and it appears more 
likely that an external factor, such as a disturbance 
in the power line, influences the measurements. 
Direct solar irradiation has disturbed 
measurements in the past; however, in this case 
the disturbance has twice started at around 
midnight which eliminates the sun as causing 
factor. Besides, the comparably rapid heating of 
the device by solar irradiation has caused negative 
density spikes that lasted only around 
15 data points instead of a prolonged increase in 
standard deviation. 

Fluctuations in the room pressure were also 
tested as causing factor. The room’s air extraction 
creates a mild vacuum in the room that is 
equilibrated through the closed door. It is 
conceivable that this equilibration causes pressure 
fluctuations that affect the measurement. Two 
tests (K4 and K5) during which the air extraction 
was switched on and off for at least 50 data points 
each showed, however, no effect of the state of air 
extraction on the standard deviation of the 
measurements. 

4 Repeatability 

All the abovementioned aspects serve to enable 
one to carry out a density measurement that is 
statistically sound. And in doing so allow for some 
certainty about the obtained results and their 
relevance. One simple validation of the quality of 
measurements is repeatability of the obtained 
results. In this case the t-test is a suitable method 
to judge whether the difference in the result of a 
repeat measurement is only caused by statistical 
error due to limited sample number. It has been 
shown in chapter 3.7.3 that influences on the 

Figure 14: Comparison of the standard deviations of C3.1-4 
(top) and the 95% confidence intervals of C3.1-4 (bottom). 

Figure 13: Visualisation of the change in standard deviation 
within measurements for C1.2 (green) and C1.3 (orange 
triangles). 

Figure 15: Visualisation of the density progression from 
C3.1(green) to C3.4. The measurements C3.2 (orange 
triangles), C3.3 (blue rhombs), C3.4 (teal squares) have been 
offset on the x-axis for clarity purposed. Furthermore, at 
marker a) the first 13 data points of C3.1 have been omitted, 
at marker c) the first 198 data points of C3.3 have been 
omitted and at marker d) the first 199 data points of C3.4 have 
been omitted. Additionally, Measurement C3.2 was started 
within 10 minutes after the end of measurement C3.1, while 
34 h lie between the end of C3.2 and the start of C3.3 and 96 h 
lie between the end of C3.3 and the start of C3.4.  
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measurements exist that with varying strength 
influence the data point values and reduce their 
normality. These influences can also affect the 
sample average. C3.1 to C3.4 are four repeat 
measurements that have been conducted in the 
1 cm3 sample chamber without opening the device. 
It, therefore, would be expected that the sample 
averages are statistically insignificantly different. 
Because of the change in standard deviation that 
was discussed in chapter 3.7.4 between 
measurement C3.2 and C3.3, Welch’s [28] t-test 
was used to compare the sample means in pairs, 
but no ANOVA can be carried out.  

Of the pairs only C3.2 and C3.3 are identified as 
originating from the same population with a 
p-value of 0.19. The power of this test, however, is 
only 0.38 due to the difference in standard 
deviations. The lack of sameness of the data means 
is somewhat surprising when one inspects the raw 
data or the standard deviation diagram (Figure 14 
top), but on considering the 95% confidence 
intervals [29] of the data (Figure 14 bottom) the 
result is easily comprehendible. The 
measurements appear to follow a clear trend of 
increasing sample density. And this trend could be 
suspected to cause the lack of similarity. The 
inspection of the data points, however, draws a 
different picture (Figure 15). If there was an 
underlying trend to increase the sample density, it 
could hardly be explained by evaporation of 
solvent inclusion as this should lead to a decrease 
in density during density measurements as 
discussed in chapter 3.6. Only if the solvent 
evaporation rate was unchanging over time one 
could conceive that a slow increase in skeleton 
density is possible. The data, however, do not 
support this hypothesis. As discussed for C3.3 and 
C3.4 in section 3.7.2 fluctuations of the barometric 
pressure over the course of the day can influence 
the density measurements. This influence might 
explain most of the variation in density as the 
difference in average density between C3.1 and 
C3.4 is only 0.0002 g/cm3 larger than the calculated 
amplitude of the density value resulting from the 
change in barometric pressure. This pressure drift, 
however, does not only cause the repeat 
measurements to be considered different by the 
t-test, but also the measurements with 
themselves. This can easily be illustrated by 

dividing measurement C3.3 into ten equal sections 
of 70 data points and performing ANOVA on them. 
Of the 44 pairs, for 21 pairs did the Tukey test [30] 
reject the null hypothesis. The assumed influence 
of the change in barometric pressure is much 
smaller for measurements using the 10 cm3 sample 
cup as has been shown in chapter 3.7.2. Because 
the standard deviation of the data points is, 
however, also reduced, repeat measurements in 
the 10 cm3 sample cup usually also do not pass the 
t-test. For example, the t-test of the true repeat 
measurements C2.2 and C2.3 rejects the null 
hypothesis even though the mean difference is 
only 0.00035 g/cm3. Even on parallel translation of 
the data points of C2.3 to achieve a mean 
difference of 0.0001 g/cm3 the null hypothesis is 
rejected.  

The failure of a typical repeat measurement to 
pass the t-test simply shows that the random 
sampling error of the individual data points due to 
their limited number is not the only considerable 
error at play. Besides some preventable errors to a 
density measurement such as insufficient sample 
dryness, insufficient sample volume, or markedly 
different measurement temperature, the following 
errors that will always affect the measurement 
remain: sampling error, the weight in error, the 
error caused by variance in sample chamber 
volume upon opening and reclosing the chamber, 
the temperature fluctuation, and the drift of 
barometric pressure. Of these errors the variance 
of sample chamber volume and the temperature 
fluctuations did not show any signs of being 
relevant in face of the other errors present. For the 
other three errors, their influence on the obtained 
density value has been calculated and displayed in 
Table 2 for the 10 cm3 and 1 cm3 sample chamber 
based on the density measurements discussed in 
this paper. Insufficient measurements have been 
carried out in the 3.5 cm3 sample chamber, but 
there is no indication that this intermediate 
chamber should not exhibit intermediate errors. 
The error resulting  

from the weight in error was calculated based on 
a 50% filled sample cup and a sample of density 
1.95 g/cm3. The error resulting from barometric 
pressure change was calculated based on an 
assumed maximum pressure change rate of 
0.5 hPa/h, an interference time of 0.03 h per 

Table 2: Summary of the major sources of error dependent on the chamber volume and the number of data points 

chamber 
volume 
[cm3] 

nr. of data 
points 

error due to weight in 
error [g/cm3] 

error due to   
barometric pressure drift 
[g/cm3] 

sampling error [g/cm3] mean error 
sum [g/cm3] 

10 
100 0.00005 0.00013 0.00007-0.00012 0.0003 
  30 0.00005 0.00013 0.00011-0.00017 0.0003 

1 
100 0.00038 0.00060 0.00024-0.00064 0.0014 
  30 0.00038 0.00060 0.00045-0.00131 0.0019 
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measurement, an about 50% filled sample cup and 
a sample of density 1.95 g/cm3. The sampling error 
is represented by half of the 99% confidence 
interval calculated for all discussed measurements 
in this paper. 

It is noteworthy that, technically, the error due to 
barometric pressure change is to some extent 
double counted, if the non-detrended data points 
are used to calculate the confidence interval. It was 
found, however, for all tested data that detrending 
and removing the outliers has no influence on the 
confidence interval within the accuracy of 
0.00001 g/cm3. No data treatment seems 
therefore typically necessary for calculating the 
confidence interval. These obtained values must be 
viewed in the correct context. Following the 
terminology of ISO 5725 [10] the error values only 
represent the precision one can expect and give 
little information about the trueness of the values. 
These obtained errors can only be used to compare 
samples of similar volume that were measured in 
close temporal proximity (and calibration) within 
the same sample chamber i.e. under repeat 
measurement conditions. [10] Furthermore, the 
values are valid for samples of density 1.95 g/cm3 
and can easily be converted for samples of 
different density. All errors, however, are not 
necessarily translatable. The assumed weight in 
error of 0.0002 g is most likely the most universal 
error. The magnitude of the barometric pressure 
drift is strongly dependent on the latitude of the 
measurement location.[22] Better error values can 
be expected closer to the poles and worse values 
closer to the equator. The obtained confidence 
intervals, as can be seen, vary widely for different 
measurements and samples. These values always 
have to be determined for the substance of 
interest and cannot be translated.  

Given these error values it is obvious why in most 
cases statistical tests such as t-tests and ANOVA 
will reject similarity of the measurements, as they 
are only concerned with the error stemming from 
the data sampling. An alternative procedure to 
judge whether repeat measurements can be 
considered the same or whether one sample is 
significantly denser than another is hence needed. 
One practical solution is to calculate the sampling 
error based on the 99%-confidence intervals of the 
measurements and add the other two error values 
to obtain a collective measurement error that can 
be used to compare samples by checking whether 
their error bars intersect. If the error bars of repeat 
measurements intersect, the data can be pooled. 
This pooled data can then be used to compare 
different samples. The use of the 99%-confidence 
interval might be beneficial compared to the 95% 

to remedy some of the alpha error accumulation 
that is bound to appear upon the comparison of a 
multitude of samples. Obviously, this methodology 
lacks the statistical backing of a proper test such as 
a t-test, but it is still significantly better than to just 
perform a replicate measurement and judge the 
data based on scientific intuition. Because it utilises 
far more data provided by the measurement than 
for example the three-sigma rule, it is possible to 
differentiate between far more similar samples. 
The three-sigma rule would be very lenient 
towards replicate measurements, but would hardly 
be able to differentiate between different 
polymorphs for example. There is no need to fall 
back to the three-sigma rule, because all of the 
major contributing error factors are accounted for 
and the error margin is therefore very well known. 
Based on the collective measurement error one is 
able to differentiate between samples of 
0.001 g/cm3 density difference with certainty 
utilising the 10 cm3 sample cup. Based on the 
length of the error bars of 0.0003 g/cm3 for two 
samples of a true density difference of 0.001 g/cm3 
the error bars of individual measurements of the 
two samples can intersect if measurements of both 
samples are maximum eccentric. It is therefore 
always advisable to carry out measurements in 
triplicate. The amount of data points appears to 
have a less significant impact on the error, as the 
confidence intervals seem to be relatively 
unchanged between 30 and 100 data points for the 
10 cm3 cell. This means that high precision 
measurements are possible with relatively short 
measurement times. And measurements of 
100 data points and more are only needed once to 
assess the samples behaviour during 
measurement. Furthermore, as the method should 
only be applied for measurements that were 
carried out in the same measurement cell with 
closely matching sample volume, homoscedasticity 
should be less of an issue here. This comparison 
should be applicable even under mild 
discrepancies in the standard deviation of the data 
sets. 

5 Conclusion 

This study examined the necessary prerequisites 
and analysis methods to carry out pycnometric 
density measurements of energetic materials of 
highest precision. It was shown that the individual 
data points of the density measurement are 
normally distributed, which enables one to apply 
statistical methods, such as t-test and confidence 
intervals to the density data. It was, however, also 
shown that the measurement is always 
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considerably disturbed presumably by the change 
of the barometric pressure which causes a density 
drift over the day, and sometimes disturbed by 
isolated disturbances that lead to individual 
outliers. As a result, repeat measurements typically 
do not pass t-tests or ANOVA even under optimal 
sample preparation and execution of the 
measurement, because the sum of the other errors 
is of the same magnitude as the sampling error. An 
alternative method to judge the quality of repeat 
measurements and the significance of density 
differences has therefore been proposed for 
general use that considers the contributing errors. 
Thereby for the first time enabling one to 
differentiate with certainty between substances 
that possess density differences of 0.001 g/cm3 
(0.05%). It can, however, not be stressed enough 
that this is the precision of repeat measurements 
carried out in the same sample chamber with the 
same calibration. It must not be confused with the 
accuracy of the obtained density which is affected 
by even more factors and requires much more 
effort to be optimised to a level of 0.05%. This 
means that under repeat measurement conditions 
even solvent inclusions of the CL-20/HMX cocrystal 
of 0.04% or gas inclusions of 25 µm in a particle 
with a diameter of 250 µm are detectable via 
helium pycnometry, which means it can be a 
valuable tool in the process of quality and 
sensitivity improvement for energetic materials.  
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Analytical Data 
NMR Spectra of HMX and CL-20 
Purity of the raw material was judged based on the 1H-NMR data under the assumption, that the impurities 

possess a comparable hydrogen to carbon, nitrogen, and oxygen ratio as the raw material. This assumption 
appears reasonable, as the expected impurities of CL-20 are incompletely nitrated by-products and in case of 
HMX the expected impurity is RDX. Because of the overlap of the signals in the range of 5.7 ppm to 6.3 ppm for 
HMX and 7.7 ppm to 8.4 ppm for CL-20, respectively these signals were integrated using origin 2019. The 
obtained integrals for HMX and CL-20 are listed in Table S1. Measurements were carried out using a 400 MHz 
Brucker spectrometer. For 1H 16 spectra were summed up. For 13C 64 spectra were summed up and proton 
decoupling was carried out. 

 

Figure S1: 1H-NMR spectrum of HMX dissolved in DMSO D6. Signals at 3.3 ppm and 2.5 ppm are caused by 
incompletely deuterated DMSO. 
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Figure S2: 1H-NMR spectrum of CL-20 dissolved in DMSO D6. Signals at 3.3 ppm and 2.5 ppm are caused by 
incompletely deuterated DMSO. 

 

Figure S3: 13C-NMR spectrum of HMX dissolved in DMSO D6. The septet at 39.4 ppm is caused by the 
DMSO. 
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HPLC Chromatograms of CL-20 and HMX 
The chromatograms of HMX and CL-20 were recorded according to the following procedure. Using an Agilent 

1100 HPLC system equipped with a binary pump and a diode array detector the injected sample of 1 µl was 

separated on a Kintex 2.6 µm C18 100 Å 100x4.6 mm column with pre-column. A mixture of acetonitrile and 
water was used as eluent. The eluent composition was gradually changed over time. Time 1 min: 10% 
acetonitrile, Time 20 min: 50% acetonitrile, time 22 min: 95% acetonitrile, time 27 min: 95% acetonitrile, time 
28 min: 10% acetonitrile, post-time: 11 min. The eluent flow was 0.6 mL/min. The column was heated to 308 K 
during the analysis. Data analysis was carried out using Agilent ChemStation. The quantification of the impurities 
was carried out under the assumption, that the impurities exhibit the same responsiveness at the measurement 
wave length of 255 nm which is reasonable as all the expected impurities are comprised of the same functional 

Table S1: Chemical shift and integrals of the 1H-NMR spectra of the HMX and CL-20 samples 
HMX CL-20 
chemical shift [ppm] integral Chemical shift [ppm] integral 

2.066 0.002 2.089 0.006 
2.089 0.001 2.303 0.001 
2.268 0.001 6.843 0.001 
5.556 0.003 7.406 0.006 
6.036 1.000 7.625 0.001 
6.107 0.005 7.892 0.001 
6.137 0.001 7.994 0.667 
  8.043 0.001 
  8.095 0.333 

Figure S4: 13C-NMR spectrum of CL-20 dissolved in DMSO D6. The septet at 39.4 ppm is caused by the DMSO. 
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groups as HMX and CL-20. The retention time of HMX was 13.6 min and the retention time of CL-20 23.3 min 
under these conditions. The retention times and integrals for HMX and CL-20 are listed in Table S2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

  

Table S2: Retention times and integrals of the HPLC chromatogram of the HMX and CL-20 samples 
HMX CL-20 
retention time [min] integral retention time [min] integral 

7.348 0.0008 1.073 0.0001 
8.829 0.0015 19.551 0.0027 
12.18 0.0002 20.488 0.0005 
13.208 0.0039 21.242 0.0002 
13.637 1.0000 22.041 0.0016 
20.542 0.0002 23.25 1.0000 
22.115 0.0002 23.996 0.0009 
23.583 0.0001   
23.887 0.0002   

Figure S5: HPLC chromatogram of HMX. 

Figure S6: HPLC chromatogram of CL-20. 
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Abstract: The reduction of liquid and gas inclusions in the crystals is an effective strategy for the production of 
reduced sensitivity high explosives. Assessment of the achieved crystal quality is paramount for the 
improvement of the crystallisation techniques. Here we present the quality evaluation of the CL-20/HMX 
cocrystal obtained from semibatch reaction cocrystallization (SBRC), batch reaction cocrystallization (BRC), and 
antisolvent crystallisation by comparison of the results of digital image processing of photomicrographs of 
crystals immersed in an optically equally dense liquid, 1H NMR, HPLC, GC, helium pycnometry, SEM, pXRD, and 
DSC. It was found that digital image processing is capable of differentiation between crystal qualities of batches 
that are indistinguishable by all the other listed methods. It presents itself as a very promising tool for crystal 
quality assessment and improvement. The analysis shows that SBRC can produce coarse crystals of the same 
quality on a pilot plant-scale as antisolvent crystallisation on a laboratory-scale. 

 

1 Introduction 

Reducing the sensitivity of high explosives to 
improve the safety of storage under combat and 
non-combat conditions is of special interest in 
energetic materials research.[1] Many factors, such 
as surface roughness,[2] morphology,[3] chemical 
purity,[4] crystallinity,[5] and internal defects [6] 
have been linked to the sensitivity of high 
explosives. Internal defects and dislocations, often 
caused by solvent or gas inclusions, play a major 
role in determining the sensitivity of the 
explosive.[7] Because of the density difference 
between solvent, gas, and explosive, skeletal 
density could be used as an indirect method to 
quantify internal defects [7,8] and was used to 
determine differences in shock response of the 
explosives dependent on the measured 
density.[7,9] Another, more direct, way of defect 
analysis is photomicrography of the particles 
immersed in a liquid of matching refractive 
index.[2,4,8,10] This procedure reduces surface 
diffraction on the crystals and, thereby, highlights 
internal defects. In the past, this method, however, 
has only been used as a quantitative indicator by 
Kim et al. [11] by manually defining the crystal 
boundaries. Now that Lins, Heisel, and Wohlgemuth 
have developed an algorithm that enables one to 
automate the detection of crystals and the 
quantification of the internal defects highlighted by 
optical immersion,[12] this method can be utilised 
for quantitative differentiation between batches of 
different crystal quality far more conveniently. 
Recently, SBRC a novel crystallisation technique for 
the scaled-up production of the CL-20/HMX 
cocrystal has been presented.[13] It promises to 
combine the crystal quality obtained from 
antisolvent crystallisation[14] with the efficiency of 
BRC. To put the obtained crystal quality of SBRC in 
perspective, here we apply image processing 
together with a variety of conventional analysis 
methods to compare the crystal quality obtainable 
from SBRC with antisolvent crystallisation and BRC. 

2 Experimental Section  

ε-CL-20 (lot number 573S98) was obtained from 
SNPE. The chemical purity has been determined via 
1H NMR and HPLC to be 98.3 and 99.4%, 
respectively. Fine 𝛽-HMX (lot number NSI 00E 000 
E004) was purchased from Chemring Nobel. The 
chemical purity has been determined via 1H NMR 
and HPLC to be 98.7 and 99.3%, respectively. Coarse 
𝛽-HMX (NSO131, lot number 20173558) was 
purchased from Eurenco. The chemical purity has 
been determined via 1H NMR and HPLC to be 99.4 
and 99.9%, respectively. Acetonitrile (ACN) (HPLC 
grade) was purchased from Carl Roth GmbH, stored 
over 3 Å molecular sieve, and used as received. 

For antisolvent crystallisation, 3000 mg ACN 
(73.08 mmol) was added to 152 mg fine HMX 
(0.51 mmol) and 1472 mg CL 20 (3.36 mmol) in 
20 mL glass vessels. The solid was dissolved at 
343.15 K and 800 rpm for 10 minutes. 
Subsequently, the solution was cooled to 333.15 K. 
The seed crystal suspension was added, and the 
reaction vessels were air tightly connected to the 
pump tube via teflon fittings. 2000 mg 2-propanol 
(33.27 mmol) was dispensed over the course of 
16.6 h using a Hirschmann ROTARUS VOLUME 50I 
metering pump equipped with a ROTARUS MKF 
12-8 12 channel pump head. During crystallisation, 
the temperature was kept constant at 333.15 K, and 
the vessels were agitated at 600 rpm. The solid 
phase was washed according to the standard 
washing procedure.[14] Five batches carried out in 
parallel were mixed to obtain about 1 g of cocrystal.  

For BRC, 80.0 g (1.95 mol) ACN was added to 
28.0 g coarse HMX (94.5 mmol) and 112.0 g 
(255.6 mmol) CL 20 in a 250 mL jacketed flask with 
a rounded bottom. The slurry was agitated at 
240 rpm for 2 h at 333.15 K via an overhead stirrer 
equipped with a paddle stirrer. The stirrer’s contour 
closely matches the inner wall contour of the 
jacketed vessel. After 2 h, the stirrer was removed 
and the slurry was transferred into a Büchner funnel 
using a BRAUN omnifix 100 mL syringe without a 
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cannula attached to avoid clogging. After the 
removal of the mother liquor, the product crystals 
were washed with 30 mL 1:1 2-propanol:ACN, 
30 mL 2-propanol:ACN (8:2), 30 mL 2-propanol:ACN 
(9:1), 30 mL 2-propanol (two times), and 100 mL 
2-propanol (once) to ensure the total removal of the 
mother liquor. 

For SBRC, 122 g (2.97 mol) ACN was added to 
52.95 g CL-20 (120.8 mmol) and 5.35 g coarse HMX 
(18.1 mmol) in a 250 mL flat bottomed jacketed 
flask that was temperature controlled to 333.15 K 
using a Lauda RC6 CP thermostat. The reaction 
mixture was agitated by a specially designed 
captured magnetic stir bar that was propelled via a 
heidolph MR Hei-End magnetic stirrer set to 
250 rpm. After complete dissolution and thermal 
equilibration, the seed crystals were added to the 
solution. The concentration was adjusted to ensure 
about 10% seed crystal dissolution to reduce 
surface defects that would reduce the crystal 
quality. After equilibrium was reached, the 
solid-dosing of a mixture of 90 g CL-20 (205 mmol), 
25 g coarse HMX (84 mmol), and 5 g fine HMX 
(17 mmol) was started. The solid was dispensed by 
a LAMBDA Instruments GmbH DOSER 0.2L. A slow 
stream of pressurised air was vented through the 
solid-doser to prevent cementation of the solid due 
to ACN vapours. 1 h after all solid was dispensed, 
the stirrer was removed and the slurry transferred 
into a Büchner funnel using a BRAUN omnifix 
100 mL syringe without a cannula attached to avoid 
clogging. The mother liquor was removed, and the 
product crystals were washed with 30 mL 
2-propanol:ACN (8:2), 30 mL 2-propanol:ACN (9:1), 
and five times with 20 mL 2-propanol to ensure the 
total removal of the mother liquor. The crystals 
were dried under ambient conditions. For SBRC1 
and 2, a sieve fraction of D(4,3)=76 µm of a failed 
SBRC experiment was used as seed crystals. For 
SBRC3 and 4, a sieve fraction D(4,3)=132 µm of two 
mixed failed SBRC batches was used as seed 
crystals. The two failed batches were also seeded 
with the same seed crystals as SBRC1 and 2. The 
crystals of SBRC1 and 2 were, therefore, grown in 
three steps and the crystals of SBRC3 and 4 are the 
product of four consecutive growth processes. The 
crystallisation time for SBRC1,2,3, and 4 was 26 h, 
26.5 h, 24 h, and 20 h, respectively.  

DSC analysis was carried out using a TA 
Instruments DSC Q2000 V24.10 build 122. Samples 
were heated from 298 up to 543 K at the rate of 
1 K min-1 in a hermetically sealed aluminium pan. 
The sample quantity in all experiments was 
between 0.5 and 1.5 mg. 

The bulk density was determined using a 
micromeritics AccuPyc 1340 TEC 10 cm3 with He 5.0 

as measurement gas. The equilibration pressure 
change was set to the standard 0.345 hPa min-1. The 
heating/cooling element was set to 292.95 K for all 
measurements to achieve an average chamber 
temperature close to 293.15 K. A calibration of the 
chamber volumes was carried out before the series 
of measurements. About 10 g material was weight 
in using a Kern 770 analytical balance (accuracy 
0.1 mg). 300 flushing cycles ensured total sample 
dryness during the measurement. Between 50 and 
300 data points were collected for each 
measurement. At least two true repeat 
measurements were carried out for each sample. 
Because only 1 g of A1 was available, this density 
measurement was carried out in the 1 cm3 
measurement cell. It was shown that the required 
precision needed to compare the batches can only 
be achieved under repeat measurement conditions 
in the same sample cell.[15] The offset between the 
two cells was determined by measuring SBRC3 
three times also in the 1 cm3 cell, and the obtained 
density value for A1 was adjusted accordingly. 

For solvent inclusion determination, about 50 mg 
samples were dissolved in dry dimethylformamide. 
1 µm solution was injected into the Agilent 6890N 
GC-FID equipped with a DB-624 60 m x 0.25 mm ID 
x 1.4 µm film column. The split ratio was 10 and the 
injection port temperature 503 K. The helium flow 
was 2 mL min-1 and the column was kept at 323 K 
for 4 min, then heated up to 353 K with a heating 
rate of 5 K min-1. From 353 K up to 533 K, the 
heating rate was 20 K min-1. The detector 
temperature was 553 K. 

Particle diameters were determined with a 
Malvern Mastersizer 2000 version 5.60 in 
2-propanol as dispersion medium. The agitation 
speed was 2450 rpm. 1.69 was chosen as the 
refractive index, and the absorption coefficient was 
selected individually to obtain the best results. 
Three measurements each consisting of 10000 
individual scans were averaged. 

X-ray powder diffraction measurements were 
performed on a D8 Advance from Bruker AXS 
equipped with a copper tube, two 2.5° Soller 
collimators, an anti-scatter screen, a flip stick stage, 
and a silicon strip detector (LynxEye). Samples were 
milled to a particle diameter of less than 10 µm. The 
reflection range was scanned in 0.01° 2θ steps from 
10-42° 2θ. Each measurement was accumulated for 
20 s. The data were evaluated using Rietveld 
analysis based on the structure data reported by 
Bolton et al.[16]  

1H NMR analysis was carried out at 300 K and 
400 MHz using a Bruker spectrometer. 16 scans 
were averaged. 0.1 g sample was dissolved in 1 g 
deuterated dimethyl sulfoxide. Fourier 
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transformation and phase correction were carried 
out using SpinWorks 4.2.10.0 ©2019, Kirk Marat. 
Peak integration was carried out using OriginPro 
version 2019 9.6.0.172, OriginLab Corporation, 
Northampton, MA, USA. 

HPLC analysis was carried out using an Agilent 
1100 HPLC system equipped with a binary pump 
and a diode array detector. The injected sample of 
1 µL was separated on a Kintex 2.6 µm C18 100 Å 
100x4.6 mm column with pre-column. A mixture of 
ACN and water was used as the eluent. The eluent 
composition was gradually changed over time. Time 
1 min: 10% ACN, time 20 min: 50% ACN, time 
22 min: 95% ACN, time 27 min: 95% ACN, time 
28 min: 10% ACN, post-time: 11 min. The eluent 
flow was 0.6 ml min-1. The column was heated to 
308 K during the analysis. Data analysis was carried 
out using Agilent ChemStation. The quantification 
of the impurities was carried out under the 
assumption that the impurities exhibit the same 
responsiveness at the measurement wavelength of 
255 nm. 

Field emission- scanning electron microscope 
images were taken by a Zeiss SUPRA 55 VP. The 
samples were prepared by sputter-coating with 
Au/Pd (80/20). 1.5 kV was chosen to prevent 
sample decomposition, but still, some images of 
higher magnification show the formation of bubbles 
under the metal coating as the result of the 
irradiation. The height-to-width ratio was 
determined from these images by measuring the 
height of crystals and dividing this value by the 
length of the crystal face visible. Between 20 and 45 
crystals were analysed for each batch. 

Impact and friction determination were carried 
out according to DIN EN 13631-3 and 
DIN EN 13631-4. 

Photomicrographs were taken using a Leica 
DMC4500 camera equipped with a Leica Z16APO 
objective. A SCHOTT KL 1500 electronic light source 
equipped with an Omnilux 15 V/150WGZ-6.35 
halogen light bulb was attached to the microscope 
stand. The images were processed via Leica LAS X 
software. The image pixel size was 0.702 µm for all 
taken photomicrographs. This resolution is a 
compromise between detectable defect size and 
field of view. It is assumed that defects of the size of 
2-5 µm can be resolved via brightfield 
photomicrographs. Even smaller defects should be 
visible in dark-field photomicrographs (Figure S19) 
which could be utilised to compare crystal batches 
of extremely high-quality. Between 180 and 254 
individual images were taken for each batch to 
ensure statistical significance of the results. The 
crystals were immersed in a mixture of 1:0.125 mL 

1-methyl naphthalene and decane. This mixture 
was chosen as a compromise between highlighting 
the internal defects and the crystal edges. If the 
refractive index matches too well, the edges 
become undetectable. If, however, the refractive 
index is mismatched too strongly, the internal 
defects might be overshadowed by surface 
refraction of the crystals. The algorithm used for the 
automated crystal quality analysis was developed 
by Lins, Heisel, and Wohlgemuth and is available for 
download.[12] A composite image produced by the 
algorithm is displayed in Figure 1. The degree of 
crystal defects (DoCD) and the position of crystal 
defects (PoCD) [12] is used to judge the crystal 
quality. These values are obtained individually for 
every detected crystal. After binarization of the 
image, the dark area caused by the crystal edge is 
detected and excluded from analysis. The remaining 
area of the dark pixels within the crystal boundary 
is detected, and the DoCD is calculated by dividing 
the dark area by the crystal area. The PoCD is 
determined by the position of the dark pixels 
relative to the centre of the detected crystal. The 
crystal size is calculated as the equivalent diameter, 
i.e. the diameter of a circle of equal area. Because 
these values are calculated based on a binarized 
two-dimensional image of the crystal, the values 
have only limited absolute expressiveness, but are 
an excellent tool for crystal quality comparison, as 
long as the photomicrographs have been taken 
under strictly the same circumstances. The dark 
area resulting from the crystal edges is 
automatically detected and removed, and typically 
all dark pixels in the analysed area are caused by 
internal defects. Three major disturbances 
(Figure 1), however, occur that influence the 
determined DoCD (and consequently the PoCD) of a 
crystal. The distribution and the average of the 
determined DoCD and PoCD are heavily influenced 
by these disturbances. Manual removal of detected 

Figure 1: Visualisation of the automated detection process. 
Left: detected crystal. Centre: binarized image. The edge area 
that is excluded from detection is highlighted (area between 
red and green boundary). Right: analysed area of the detected 
crystal. Visualisation of the three main disturbances of the 
DoCD and PoCD determination: A) dark spots caused by the 
flattened edge of the crystals B) dark spots caused by surface 
defects C) dark spots caused by small crystals lying on the 
detected crystal. 
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crystals was, therefore, required. The number of 
crystals that need to be removed can be drastically 
reduced if a very strict exclusion of smaller crystals 
is achieve during classification of the crystals. To be 
able to estimate the human factor in the process of 
selecting undisturbed detected crystals and to gain 
a feeling for the expected deviation of the obtained 
distributions and averages, two strategies were 
pursued. In one filter process, all detected crystals 
were removed that showed even the most 
miniscule trace of one of the abovementioned 
disturbances. In another filter process, only severe 
cases were removed. The resulting average DoCD 
values are visualised in Figure 2. The average crystal 
quality improves as expected for all batches by 
removing the affected crystals. And while the 
differences between the DoCD values of the 
untreated and the mildly treated data vary strongly 
between batches, the difference in DoCD between 
mildly and severely treated data is far more uniform 
between batches. This indicates that the removal of 
strong disturbances improves the quality of the 
data and that the human factor involved in the 
removal of the disturbances seems to be weak. In 
this paper, the obtained DoCD and PoCD 
distribution of the strictly treated data is utilised for 
comparisons, because surface defects are here 
excluded and these defects do not influence crystal 
purity and density, and their inclusion would, 
therefore, reduce the correlation to the other 
analysis methods. But the strict exclusion may 
overestimate the crystal quality to some degree, 
because crystals that exhibit internal defects that 
look like surface defects are excluded. Therefore, 
half the difference between the DoCD values of mild 
and severe treatment is assumed as the error 
interval. 

The SBRC batches were sieved to produce a size 
fraction close to 150-250 µm. These sieve fractions 
were used for all analysis. This was done for two 
reasons. On the one hand, fine particles disturb the 
analysis of coarser particles in the image processing 
as shown above, and on the other hand, for 
assessment of a crystallisation technique, the 
crystals close to the desired size are of most 
importance, because these are the crystals grown 
from the added seed crystals and not the product of 
secondary nucleation. Only they, therefore, can be 
used to judge the impact of the seed crystal quality 
and the seeding procedure on the product crystal 
quality. Because only 1 g of A1 is available, no 
sieving could be performed without significant 
material loss in the process. Here, after image 
processing, based on the crystal size, a certain 
amount of data sets was removed to obtain a 
normal distribution centred around 200 µm. This 
data ensemble is called A1norm. To retain 
correlation between the image processing data and 
the data of the other analysis methods for A1, 
analysis of the image processing was carried out for 
the non-normalised data in addition to the 
normalised data. 

Figure 3: Representative photomicrographs of BRC1 (top left), 
A1 (top right), SBRC1 (mid left), SBRC2 (mid right), SBRC3 
(bottom left), and SBRC4 (bottom right). 

Figure 2: Determined average DoCD values of the crystal 
batches. Orange squares: no data treatment, teal circles mild 
data treatment, green diamonds strict data exclusion. Error 
bars represent half the difference between mild and severe 
data exclusion. 
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3 Results 

3.1 Conventional approaches 

Analysis results are summarised in Table 1. 
Representative photomicrographs are displayed in 
Figure 3. All cocrystal batches are more than 99.9% 
phase pure and exhibit a chemical purity between 
99.62% (SBRC1 and 3) and 99.93% (SBRC4) based on 
HPLC. Based on 1H NMR, the purity ranges between 
98.95% (BRC1) and 99.68% (A1). BRC1’s solvent 
content is almost 20 times higher than the solvent 
content of SBRC1,2,4 and A1. SBRC3 possesses a 
slightly higher solvent content than the other SBRC 
batches. The skeletal density of BRC1 is, based on 
the determined precision of helium 
pycnometry,[15] barely significantly less dense than 
the other batches, whereas SBRC4 is barely 
significantly denser than the other batches. All 
densities lie within a 0.002 g cm-3 interval and are 
on average 0.009 g cm-3 higher than the density 
reported by Bolton et al.[16] BRC1 possesses the 
best impact and friction sensitivity of the tested 
batches. The decomposition onset in DSC analysis of 
all batches lies within an interval of 1.8 K. SEM 
images (Figure S1-S6) show that all crystals exhibit a 
mostly smooth crystal surface.  

3.2 Digital Image Processing 

The crystals obtained from BRC experiments are 
too small, irregular, and intergrown to be analysed 
via image processing.  

The DoCD and the PoCD of the SBRC and A1 
crystals have been analysed and the results are 
visualised in Figure 2, 4, 5, and Table 2.  

The SBRC DoCD distributions can be satisfactorily 
described by a Weibull distribution.[17] No 
satisfactory fit, however, was achieved for A1 and 
A1norm. From Figure 4 it can be seen that A1’s and 
A1norm’s distribution maximum is the first bin 

Figure 4: Distributions of DoCD for all batches. All bins are of 
size 0.25%. 

Table 1: Analysis data of the cocrystal batches 

 BRC1 SBRC1 SBRC2 SBRC3 SBRC4 A1 

purity (1H)/% 98.95 99.39 99.48 99.31 99.54 99.68 
purity (HPLC)/% 99.87 99.62 99.89 99.62 99.93 99.84 
phase purity/% 100 100 100 99.91 100 99.93 
solvent content/mass% 0.19 0.01 0.01 0.02 0.01 0.01 
skeletal density/g cm-3 1.9533 1.9545 1.9544 1.9540 1.9553 1.9545 
impact sensitivity/Nm 4.5 1.5 2 2 1.5 3 
friction sensitivity/N 192 120 144 144 160 120 
decomposition onset/K 492.05 491.85 490.25 490.95 491.15 491.15 
D(4,3)/µm 35 163 137 159 179 160 
height-to-width ratio n.d. 0.60 0.80 0.62 0.71 0.55 

 
Table 2: Image processing data of the cocrystal batches 

 SBRC1 SBRC2 SBRC3 SBRC4 A1norm A1 

Nr. of detected crystals 1474 1282 1257 1182 3071 3071 
Nr. of evaluated crystals 610 267 445 301 286 1963 

average DoCD/% 1.7 2.4 1.9 2.4 2.0 0.6 
error margin of average DoCD/% 0.4 0.4 0.7 0.4 0.5 0.7 
median of DoCD/% 1.2 1.5 1.2 1.7 0.8 0.0 

average PoCD 0.46 0.52 0.45 0.43 0.47 0.49 
median PoCD 0.43 0.51 0.44 0.41 0.46 0.46 
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between 0 and 0.25% DoCD, whereas the maxima 
for the SBRC batches are reached between 0.25 and 
1.5% DoCD. SBRC1 possesses the narrowest 
distribution except for A1. Considering the 
proposed error margin, the average DoCD of A1 is 
significantly smaller than the average DoCD of all 
other batches. The average DoCD of SBRC1 is 
significantly smaller than the average DoCD of 
SBRC2 and 4, and the average of A1norm is 
indistinguishable from the averages of SBRC1,2,3, 
and 4. The DoCD of A1 and A1norm is strongly 
crystal size dependent (Figure S17). This can easily 
be seen from the difference in average DoCD 
between A1norm and A1 in Figure 2. A1 shows a 
strong increase in DoCD with increasing particle 
size. For SBRC1 and 3 a weak increase in DoCD with 
particle size is observed, but for SBRC2 and 4, a 
weak decrease in DoCD with increasing particle size 
is present (Figure S13-S16). 

The distribution of PoCD of all batches can be 
approximated by a normal distribution (Figure S7-
S12). Their distribution is visualised as the 
respective box plot (Figure 5).[18] The distribution 
of the PoCD is wider for SBRC2 and A1norm than of 
the rest. The medians of all batches lie close to 0.5 
PoCD. Only A1 exhibits PoCD smaller than 0.15 
while all batches possess PoCD greater than 0.85. 

4 Discussion 

The purity data obtained from HPLC and 1H NMR 
are in good agreement (except for BRC1). The 
average offset between the data of 0.3% is most 
likely the result of different sensitivities of the two 

methods towards the compounds. The lower 1H 
NMR purity of BRC1 is the result of its higher ACN 
content caused by the more rapid crystallisation. 
The solvent inclusion does not lower the HPLC 
purity, because ACN is not detected via the HPLC 
method. Cocrystallisation improves chemical purity 
compared to the raw material, but the prolonged 
exposure to elevated temperature during the 
crystallisations increases signal intensity of some 
impurity signals, and even new signals occur, in the 
SBRC experiments (Table S1 and S2). The 
significantly lower purity of SBRC1 and 3 compared 
to SBRC2 and 4 is caused by the utilised nickel 
plated magnetic stir bar, which led to a weak brown 
discolour ration of the crystallin product. For SBRC2 
and SBRC4 the stir bar was coated with epoxy resin 
to prevent any chemical reaction. The varying 
amounts of impurities seem to not influence the 
decomposition temperature in DSC measurements. 
Because of the faster crystallisation of BRC1, RDX 
impurity can only be found in this cocrystal batch in 
the 1H NMR and HPLC. The lower impact sensitivity 
of BRC1 compared to the SBRC batches might be 
considered significant, but is most likely the result 
of the smaller particle size or the more clustered 
particles. In the past, four BRC batches produced in 
a similar fashion and of similar particle size 
possessed an impact sensitivity between 1 and 
2 Nm. The impact sensitivity of 4 Nm might, 
therefore, be anomalous.  

Based on studies carried out for RDX where the 
determined density was linked to the amount of 
internal defects, [7,8] a strong correlation should be 
expected between the DoCD values of the cocrystal 
batches and the determined densities. No such 
correlation, however, exists between the 
determined data. The significantly better average 
and median DoCD values of A1 compared to SBRC1 
and the significantly better values of SBRC1 
compared to the other SBRC batches disagree with 
the determined density values. A1 should exhibit 
the highest density followed by SBRC1. The 
precision of pycnometric density determination of 
explosives has been previously studied [15] and 
based on these results it can be stated with 
statistical backing that the density of SBRC1 is not 
significantly different from the density of SBRC2 and 
SBRC3, and that SBRC4 is slightly, but significantly 
denser than the other SBRC batches. The 
measurement error of A1’s density determination is 
larger (0.0012 g cm-3 compared to 0.0003 g cm-3) 
because it was determined in a smaller sample cell. 
Still, within these limits, A1 cannot possess a 
significantly higher density than SBRC4. Considering 
that the average DoCD of SBRC4 is significantly 
higher than the average DoCD of SBRC1 (and of A1), 

Figure 5: Box plots of the PoCD values of the evaluated 
batches. The green horizontal line represents the median of 
the data, the box represents the position of 50% of the data, 
the blue so-called whiskers indicate the data that lie within 1.5 
times the box height (interquantile range IQR), and the orange 
rhombs visualise the outliers. 
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this is exactly an inverse correlation between DoCD 
and skeletal density. Because of a lack of a 
significant crystal size dependency (Figure S13-S16) 
of the SBRC experiments, the increase in crystal 
height seems to be of lesser importance to the 
DoCD values of these batches. This, consequently, 
means the DoCD value need not be adjusted for the 
difference in height-to-width ratio between the 
batches. The varying height-to-width ratios 
between batches (Table 1), hence, should not be 
responsible for the discrepancy between density 
and DoCD. The relatively high density of BRC1, 
despite its high solvent content, indicates that A1 
and the SBRC batches possess significantly more gas 
inclusions. This might be the result of the ongoing 
decomposition of CL-20 during the crystallisation, 
and BRC1 exhibits, because of the fast 
crystallisation, considerably less decomposition 
than SBRC1,2,3 and A1. The higher density of SBRC4 
could also correlate with the lower decomposition 
content compared to the other SBRC batches and 
A1. This agrees with SBRC4 having the shortest 
crystallisation time of all SBRC batches. The image 
processing does not differentiate between gas and 
liquid inclusions, but in conjunction with density 
measurement and solvent content determination 
differentiation seems to be possible. 

The PoCD values can give insight into the cause of 
the crystal defect. Preliminary antisolvent 
crystallisation batches showed a strong variation of 
the PoCD. Eccentric defects were the result of 
crystal edge damage caused by abrasion, while 
defects located in the centre of the crystals 
indicated insufficient seed crystal dissolution 
(Figure S20). The intermediate values for all tested 
batches in this paper and their substantial standard 
deviation, however, do not allow for a conclusion 
based on PoCD. 

Based on the various crystal analysis methods, the 
following statements can be made.  

The purification of the raw material by 
cocrystallisation is to some degree offset by the 
increased decomposition products present in the 
cocrystals of A1 and SBRC batches. A reduction of 
crystallisation time might improve the crystal 
quality. All SBRC batches are indistinguishable from 
A1norm via image processing, and no significant 
difference between the SBRC batches and A1 exists 
in the other analysis methods (except for the 
slightly higher density of SBRC4). The average DoCD 
values of the SBRC batches and A1norm lie around 
2% which corresponds to a quite pristine-looking 
crystal as can be seen from the comparison in 
Figure S18. SBRC is, thus, capable of producing 
coarse CL-20/HMX cocrystal in the pilot plant-scale 

with the same crystal quality as antisolvent 
crystallisation in the laboratory-scale. A1, however, 
exhibits a significantly better average DoCD than 
the SBRC batches, because of the sizeable amount 
of smaller crystals with a DoCD of 0%. This means 
that by applying image processing of 
photomicrographs a significant differentiation 
between A1 and the SBRC batches was possible 
while no established analysis method, with the 
possible exception of neutron scattering [19] and 
density flotation, [20] could yield significant results. 
Great advantages of image processing are that no 
exotic equipment is needed for the analysis and that 
extremely small sample quantities are required. 
This makes this method ideal for the further 
development of crystallisation experiments, 
especially in the laboratory-scale. More thorough 
removal of fine crystals before analysis is required 
to reduce the DoCD error bar sizes. Even though no 
image processing of BRC1 was possible and the 
density is only marginally lower than the densities 
of the other batches, it is obvious from the 
photomicrograph (Figure 3) and the SEM image 
(Figure S6) that the crystal quality is not as good as 
the crystal quality of the other batches.  

5 Conclusion 
1H NMR and HPLC showed that the chemical 

purity of the obtained cocrystals from antisolvent 
crystallisation and SBRC is higher than the chemical 
purity of the raw material. Image processing was 
used to determine that the DoCD of SBRC is not 
crystal size dependent but the DoCD of laboratory-
scale antisolvent crystallisation is. Furthermore, it 
was found that SBRC is capable of producing the 
CL-20/HMX cocrystal in a pilot plant-scale in a size 
range of 150-250 µm with the same crystal quality 
as laboratory-scale antisolvent crystallisation. 
Because of the small required sample mass, digital 
image processing is a valuable tool for 
crystallisation optimisation especially in the 
laboratory-scale and is capable of comparing 
samples of vastly different production scales. 
Further work is required to correlate the 
determined DoCD values with shock sensitivity tests 
and to reduce the error bars of the average DoCD 
values. 

Acknowledgements 

We are grateful for financial support provided by 
the German Ministry of Defence and the support 
provided by Dr. Manfred Kaiser and Dr. Michael 
Koch at the WTD91. Open access funding enabled 
and organised by Projekt DEAL. 



54 

 

References 

[1]  
[1a]  V. J. Bellitto, M. I. Melnik, Surface defects 
and their role in the shock sensitivity of 
cyclotrimethylene-trinitramine, Appl. Surf. Sci. 
2010, 256, 3478–3481, 
https://doi.org/10.1016/j.apsusc.2009.12.060;   
[1b]  R. H. B. Bouma, W. Duvalois, A. E. D. M. van 
der Heijden, Microscopic characterization of defect 
structure in RDX crystals, J. Microsc. 2013, 252, 
263–274, https://doi.org/10.1111/jmi.12088;  

[2] L. Borne, A. Beaucamp, D. Fendeleur, 
Metrology tools for the characterization of 
explosive crystal properties, in: Int. Annual Conf. of 
ICT 1998, V16. 
[3] H. Chen, L. Li, S. Jin, S. Chen, Q. Jiao, Effects 

of Additives on ε-HNIW Crystal Morphology and 
Impact Sensitivity, Propellants, Explos., Pyrotech. 
2012, 37, 77–82, 
https://doi.org/10.1002/prep.201000014. 
[4] L. Borne, H. Ritter, HMX as an Impurity in 

RDX Particles: Effect on the Shock Sensitivity of 
Formulations Based on RDX, Propellants, Explos., 
Pyrotech. 2006, 31, 482–489, 
https://doi.org/10.1002/prep.200600066. 
[5] V. Stepanov, R. B. Patel, R. Mudryy, H. Qiu, 

Investigation of Nitramine-Based Amorphous 
Energetics, Propellants, Explos., Pyrotech. 2016, 41, 
142–147, 
https://doi.org/10.1002/prep.201500118. 
[6] R. H. B. Bouma, A. E. D. M. van der Heijden, 

The Effect of RDX Crystal Defect Structure on 
Mechanical Response of a Polymer‐Bonded 
Explosive, Propellants, Explos., Pyrotech. 2016, 41, 
484–493, 
https://doi.org/10.1002/prep.201500222. 
[7] A. E. D. M. van der Heijden, R. H. B. Bouma, 

A. C. van der Steen, Physicochemical Parameters of 
Nitramines Influencing Shock Sensitivity, 
Propellants, Explos., Pyrotech. 2004, 29, 304–313, 
https://doi.org/10.1002/prep.200400058. 
[8] L. Borne, J.-C. Patedoye, C. Spyckerelle, 

Quantitative Characterization of Internal Defects in 
RDX Crystals, Propellants, Explos., Pyrotech. 1999, 
24, 255–259, https://doi.org/10.1002/(SICI)1521-
4087(199908)24:4<255:AID-PREP255>3.0.CO;2-2. 
[9] L. Borne, Influence of intragranular cavities 

of RDX particle batches on the sensitivity of cast wax 
bonded explosives, in: Tenth Int. Symp. on 
Detonation 1993, 286-293. 
[10] R. M. Doherty, D. S. Watt, Relationship 

Between RDX Properties and Sensitivity, 

Propellants, Explos., Pyrotech. 2008, 33, 4–13, 
https://doi.org/10.1002/prep.200800201. 
[11] [11a] J.-W. Kim, J.-K. Kim, H.-S. Kim, K.-

K. Koo, Application of Internal Seeding and 
Temperature Cycling for Reduction of Liquid 
Inclusion in the Crystallization of RDX, Org. Process 
Res. Dev. 2011, 15, 602–609, 
https://doi.org/10.1021/op100334y; [11b] J.-
W. Kim, J.-K. Kim, H.-S. Kim, K.-K. Koo, 
Characterization of Liquid Inclusion of RDX Crystals 
with a Cooling Crystallization, Cryst. Growth Des. 
2009, 9, 2700–2706, 
https://doi.org/10.1021/cg801343b;  
[12] J. Lins, S. Heisel, K. Wohlgemuth, 

Quantification of internal crystal defects using 
image analysis, Powder Technol. 2021, 377, 733–
738, 
https://doi.org/10.1016/j.powtec.2020.09.015. 
[13] D. Herrmannsdörfer, T. M. Klapötke, 

Semibatch Reaction Crystallisation for Scaled-up 
Production of High-Quality CL-20/HMX Cocrystal: 
Efficient because of Solid-Dosing, Cryst. Growth 
Des. 2021, 21, 1708-1717,  
https://doi.org/10.1021/acs.cgd.0c01611 . 
[14] D. Herrmannsdörfer, P. Gerber, T. Heintz, 

M. J. Herrmann, T. M. Klapötke, Investigation Of 
Crystallisation Conditions to Produce CL‐20/HMX 
Cocrystal for Polymer‐bonded Explosives, 
Propellants, Explos., Pyrotech. 2019, 44, 668–678, 
https://doi.org/10.1002/prep.201800332. 
[15] D. Herrmannsdörfer, T. M. Klapötke, High-

Precision Density Measurements of Energetic 
Materials for Quality Assessment, Propellants, 
Explos., Pyrotech. 2021, 46, 1-16 
https://doi.org/10.1002/prep.202000272 . 
[16] O. Bolton, L. R. Simke, P. F. Pagoria, A. J. 

Matzger, High Power Explosive with Good 
Sensitivity: A 2:1 Cocrystal of CL-20:HMX, Cryst. 
Growth Des. 2012, 12, 4311–4314, 
https://doi.org/10.1021/cg3010882. 
[17] W. Weibull, A Statistical Distribution 

Function Of Wide Applicability, J. Appl. Mech. 1951, 
18, 293–297. 
[18] R. Mcgill, J. W. Tukey, W. A. Larsen, 

Variations of Box Plots, Am. Stat. 1978, 32, 12–16, 
https://doi.org/10.1080/00031305.1978.10479236
[19] J. T. Mang, C. B. Skidmore, R. P. Hjelm, P. M. 
Howe, Quantification of Microstructural Features in 
Hmx Using Small Angle Neutron Scattering 
Techniques 1998, Los Alamos National Lab. 
[20] L. Borne, J.-C. Patedoye, Saint-Louis, Institut 

Franco-Allemand De Recherches De, Device for 
measuring the density of particles by flotation, US 
2008/0011079 A1, 2008. 

 



55 
 

Supporting Information for  

Quality Assessment of the CL-20/HMX Cocrystal 

Utilising Digital Image Processing 

Dirk Herrmannsdörfer,[a]*  Thomas M. Klapötke[b] 

[a] Energetic Materials Fraunhofer Institute for Chemical Technology ICT Joseph-von-Fraunhofer-Str. 7 76327 Pfinztal, Germany 
 

[b] Department of Chemistry Energetic Materials Research Ludwig-Maximilian University of Munich Butenandtstr. 5 - 13 (Haus D) 81377 
Munich, Germany  

*Corresponding Author: dirk.herrmannsdoerfer@ict.fraunhofer.de 

 
Content 
Table S1: HPLC signals 
Table S2: 1H NMR signals 
Figure S1-S6: SEM images 
Figure S7-S12: Distributions of PoCD 
Figure S13-S17: Size dependency of DoCD 
Figure S18: Visualisation of different DoCD 
Figure S19: Visualisation of bright-field and dark-field 
Figure S20: Comparison of crystal defect positions 

 
 
 
 
 
 
 
 
 
 

mailto:dirk.herrmannsdoerfer@ict.fraunhofer.de


56 

 
 
 
 
 
 

Table S1: HPLC signals of the raw product and the cocrystal batchesa 

retention 
time/min 

signal intensity/% 

 HMX 
fine 

HMX 
coarse 

CL-20 SBRC1 SBRC2 SBRC3 SBRC4 BRC1 A1 

1.1   0.011       
1.2  0.002  0.009      
1.8 0.004         
7.3 0.082 0.031    0.005  0.012  
8.8 0.152         
9.2  0.079    0.005  0.018  
12.2 0.021         
13.2c 0.391 0.007      0.003  
13.6 99.266 99.882  31.568 32.129 32.152 32.231 32.129 32.082 
16.0 0.004         
17.4    0.005b  0.009    
18.1 0.005         
19.6   0.265       
20.3        0.007  
20.5 0.020  0.047 0.204 0.014 0.185   0.006 
21.2   0.017 0.140 0.069 0.144 0.050 0.042 0.132 
22.1 0.022  0.156 0.015 0.014 0.021 0.011 0.039 0.010 
23.6 0.010  99.418 68.047 67.757 67.472 67.694 67.742 67.759 
23.9 0.022  0.087  0.007 0.006 0.008 0.010 0.006 
a Only signals above 0.005% are listed 
b All red numbers are new or more intense signals in the cocrystal batches compared to the raw product. 
c RDX 
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Table S2: 1H signals of the raw product and the cocrystal batchesa 

chemical 
shift/ppm 

signal intensity/% 

 HMX 
fine 

HMX 
coarse 

CL-20 SBRC1 SBRC2 SBRC3 SBRC4 BRC1 A1 

9.57 0.01         
8.48 0.03   0.03      
8.32 0.01         
8.14   0.03 0.02 0.04  0.01 0.03 0.03 
8.05   0.05 0.07b 0.09 0.09  0.08  
8.04       0.04   
8.03   98.79 59.65 59.66 59.55 59.61 59.29 59.83 
8.02      0.01    
7.95    0.09 0.10 0.10 0.12 0.06  
7.93    0.01  0.01    
7.90       0.01 0.01  
7.82    0.03  0.02    
7.62   0.02 0.02  0.02 0.01  0.02 
7.53      0.03    
7.39   0.02       
7.35   0.02       
7.29   0.04       
7.27   0.01       
7.24   0.05       
7.19   0.01       
7.18   0.01       
7.17   0.16       
7.15   0.01       
7.03    0.03  0.03    
6.55   0.05       
6.37 0.01         
6.14 0.14 0.15  0.04 0.06 0.05 0.06 0.06 0.06 
6.11c 0.45       <0.01  
6.09 0.03 0.10  0.03 0.05 0.04 0.01 0.03 0.03 
6.03 98.90 99.50  39.74 39.82 39.77 39.93 39.66 39.85 
5.99 0.03 0.11  0.06 0.07 0.06 0.08 0.04 0.04 
5.94 0.00   0.01  0.01    
5.90 0.03         
5.87 0.01         
5.80 0.01         
5.79 0.02         
5.71 0.01         
5.56 0.12 0.07      0.02  
4.60 0.03         
4.28  0.02        
2.33  0.02        
2.30   0.10       
2.27 0.06 0.03        
2.15   0.03 0.07 0.03 0.06 0.02 0.01 0.05 
2.09 0.09  0.56       
2.07 0.03   0.05 0.04 0.06 0.05 0.66 0.06 
1.99    0.01   0.01 0.01  
1.91 0.02  0.03       
1.89 0.01         
1.24   0.02 0.01   0.01 0.01  
1.15 0.01   0.02 0.02 0.02 0.02 0.03  
a Only signals above 0.005% are listed 
b All red numbers are new or more intense signals in the cocrystal batches compared to the raw product. 
c RDX 
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Figure S1: SEM image of SBRC1. 

Figure S2: SEM image of SBRC2. 
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Figure S3: SEM image of SBRC3. 

Figure S4: SEM image of SBRC4. 
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Figure S5: SEM image of A1. 

Figure S6: SEM image of BRC1. 
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Figure S7: PoCD distribution of SBRC1. Figure S8: PoCD distribution of SBRC2. 

Figure S9: PoCD distribution of SBRC3. Figure S10: PoCD distribution of SBRC4. 

Figure S11: PoCD distribution of A1norm. Figure S12: PoCD distribution of A1. 
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Figure S13: Crystal size dependency of the DoCD of SBRC1. 
Figure S14: Crystal size dependency of the DoCD of SBRC2. 

Figure S15: Crystal size dependency of the DoCD of SBRC3. Figure S16: Crystal size dependency of the DoCD of SBRC4. 
 

Figure S17: Crystal size dependency of the DoCD of A1. 
 

Figure S18: Visualisation of crystals exhibiting 1%, 3.3%, and 10% 
DoCD. 

Figure S19: Visualisation of the stronger visibility of defects in dark-
field (right) than bright-field (left). 
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Figure S20: Comparison of crystal defect positions. Defects caused by crystal collisions (left) 
and defects caused by imperfect seeding (right). 
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6 Solubility Determination of the Coformers 
 

6.1 Solubility Behaviour of CL-20 and HMX in Organic Solvents and Solvates 
of CL-20 
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Energetic Materials Frontiers 2021, 2, 1, 51-61  
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Abstract: 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) and 1,3,5,7-Tetranitro-
1,3,5,7-tetrazoctane (HMX) are promising cocrystal coformers, but only little solubility data are 
available. Knowledge about their solubility and solvate formation is essential for the development of 
cocrystallisation experiments. This paper provides the solubility values of HMX and CL-20 in 29 solvents at 
293.15 K and 333.15 K as well as the solubility in five 2-propanol solvent mixtures at 293.15 K. Novel CL-20 
solvates of 5-methyloxolan-2-one, 1,3-dioxolan-2-one, tetrahydrotiophene 1-oxide, 1,3-dioxolane, 
furan-2-carbaldehyde and butane-2,3-dione have been isolated and characterised. For all new solvates, single 
crystal data were obtained, except for furan-2-carbaldehyde. The novel 𝜗-conformation of CL-20 was observed 
in the tetrahydrotiophene 1-oxide solvate. It was found that none of the tested solvents and likely no existing 
solvent exhibits a beneficial solubility ratio of CL-20 and HMX in the tested temperature range, exceptionally 
good solubility ratios are most likely the result of solvate formation, and that solvate forming solvents cannot 
be categorically excluded from consideration as solvent for cocrystallisation of HMX and CL-20. 

 

1 Introduction 

The CL-20/HMX cocrystal is one of the most 
promising energetic cocrystals due to its reported 
reduced impact sensitivity compared to CL-20 and 
the improved detonation properties compared to 
HMX.1 A multitude of cocrystallisation methods 
have been described in literature for this cocrystal. 
For some of the reported methods, such as spray 
drying 2 or liquid-assisted grinding, 1,3,4 the solubility 
of the individual cocrystal former is of lesser 
importance. For solution-based cocrystallisation 
techniques, such as solvent evaporation,1,5,6 
antisolvent crystallisation,3,7 reaction 
cocrystallisation,7 and cooling crystallisation,7 
however, detailed knowledge of the size and 
position of the cocrystal phase region in the 
corresponding phase diagram is required for the 
design of a reproducible, efficient, and scalable 
crystallisation method that can produce coarse 
compact cocrystal of high-quality. For all 
conventional solution crystallisation techniques 
that can be used to produce high-quality crystals, 
the CL-20 efficiency is severely limited by the 
position of the cocrystal phase region in the phase 
diagram.7. As the full determinations of the phase 
diagrams are very time consuming, solubility data of 
CL-20 and HMX in the respective solvent might be 
used to assess a solvent’s suitability. Further factors 
influence the suitability of a solvent, such as 
chemical incompatibility and solvate formation. It 
has been reported that solvate formation can 
hinder cocrystallisation.8 The aim of this study, 
therefore, was to identify a solvent that exhibits a 
beneficial solubility ratio, but does not form 
solvates with either CL-20 or HMX. In this paper we 
present the solubility data of CL-20 and HMX in 29 
solvents at 293.15 K and 333.15 K as well as in 
selected solvent mixtures. Furthermore, six novel 
solvates of CL-20 are described and the single 
crystal structures of five of them discussed. This 

includes the discussion of the novel 𝜗-conformation 
of CL-20. 

2 Experimental Section  

Table 2 displays the purity and supplier of the 
utilised solvents. All solvents were used without 

further purification and stored over 3 Å molecular 
sieve if used repeatedly. ε-CL-20 (lot number 
573S98) was obtained from SNPE. The chemical 
purity was determined via 1H NMR and HPLC to be 
98.3 and 99.4%, respectively. Further analysis 
details are found in the supporting information. 
𝛽-HMX (lot number NSI 00E 000 E004) was 
purchased from Chemring Nobel. The chemical 
purity has been determined via 1H NMR and HPLC 
to be 98.7 and 99.3%, respectively. Further analysis 
details are found in the supporting information. 

2.1 Characterisation Methods 

Sample mass was determined using a Kern 770 
analytical balance (accuracy 0.1 mg). 

Raman spectra were obtained with a Bruker RFS 
100/S Raman spectrometer equipped with a 
1064 nm ND:YAG-laser operated at 450 mW and a 
liquid-nitrogen-cooled germanium-detector. The 
spectra were obtained between 80 and 3500 cm-1 
with a spectral resolution of 1 cm-1. 75 scans were 
accumulated. 

For the x-ray diffraction of all compounds, an 
Oxford Xcalibur3 diffractometer with a CCD area 
detector was employed for data collection using 
Mo-Kα radiation (λ=0.71073 Å). By using the 
CRYSALISPRO software9 the data collection and 
reduction were performed. The structures were 
solved by direct methods (SIR92,10 SIR - 9711,12 or 
SHELXS-9713,14) and refined by full-matrix least-
squares on F2 (SHELXL 13,14) and finally checked 
using the PLATON software15 integrated in the 
WinGX software suite. Non-hydrogen atoms were 
refined anisotropically and the hydrogen atoms 
were located and freely refined. The absorptions 
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were corrected by a SCALE3ABSPACKmultiscan 
method.16 

DSC analysis was carried out using a TA 
Instruments DSC Q2000 V24.10 build 122. Samples 
were heated from 298 up to 543 K at the rate of 
5 K min-1 in a hermetically sealed aluminium pan. 
The sample quantity in all experiments was 
between 0.5 and 1.5 mg. 

TGA was carried out using a TA Instruments TGA 
Q5000 V3.15 build 263. Samples were heated from 
298 up to 573 K at the rate of 5 K min-1 in a platinum 
pan. The sample quantity in all experiments was 
between 0.9 and 4 mg. 

2.2 Solubility Determination 

A moderate excess of HMX or CL-20 was placed in 
a 6 mL or 20 mL glass vessel. Depending on the 
expected solubility, between 0.5 g and 15 g 
solvent/solvent mixture were added. The solution 
was agitated at 800 rpm and tempered via a Ditabis 
MKR 23 thermo block mixer equipped with a 
matching thermo block for the reaction vessels. 
Typically, after 2 h and 4 h, the solid was 
sedimented and part of the clear solution removed 

by syringe. Enough solution was removed to ensure 
at least 10 mg evaporation residue. Directly after 
transfer, the solution mass was determined. The 
solvent was removed under vacuum and the mass 
of the remaining solid was determined. The 
remaining solid in the glass vessel was washed 
according to the standard washing procedure,7 
dried, and analysed via Raman spectroscopy. No 
phase change was detected, except for the solvates 
discussed later, and 𝛼-CL-20 that formed in 27 (total 
conversion at 293.15 K and 1/3 conversion at 
333.15 K) and 25 (traces of 𝛼 at 293.15 K). A 
solubility determination was considered successful 
if the two obtained values differed from one 
another by less than 5%. This relatively large error 
margin was chosen because comparison among 
literature shows that solubility data between 
different determination setups and especially 
different raw material varies often by more than 
5%.17 Furthermore, if the determined solubility was 
less than 0.003 mol kg-1, or the difference in 
determined solubility was less than 0.001 mol kg-1 
the experiment was considered successful 
independent of the error between the obtained 

Figure 1: Molecular structure of the utilised solvents. Grey branches visualise the relation of the molecules branching out from 1. The 
molecules 27 to 33 have not been directly derived in this fashion. 
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values because of the increase in error due to 
excessively low solubilities. This procedure was 
chosen even though it does not provide certainty 
whether the obtained solubility value truly 
represents the equilibrium solubility. It is typically 
preferred to perform an experiment in which the 
substance in question is dissolved at higher 
temperature and the solution is subsequently 
cooled down in addition to the described method.18 
In theory, this provides one with the certainty that 
the equilibration time was sufficient if the solubility 
values of both experiments concur. This method is, 
however, unsuitable for CL-20. For once CL-20 
exhibits only a very weak temperature dependency 
of solubility. In addition, at different temperatures 
different CL-20 polymorphs can form. It is hence 
possible that at elevated temperature a 
polymorphic transformation process occurs which 
at lower temperature first has to be reversed to 
form the true equilibrium at this temperature. No 
solubility data were determined if due to solvate 
formation the solution completely solidified during 
the solubility determination. No solubility values 
have been determined for some solvate forming 
solvents for this reason. Additionally, no solubility 
data was determined for 28 and 33, because 
discolouration of the obtained solid occurred  

after the solvent was evaporated. Solubility values 
are calculated as molalities 𝑏𝑖 according to the 

formula 𝑏𝑖 =
𝑚𝑖

𝑚𝑗∙𝑀𝑖
 where 𝑚𝑖 represents the 

solute’s mass, Mi represents the solute’s molar 
mass, and 𝑚𝑗 represents the solvent/solvent 

mixture mass. Solvent compositions are calculated 
as mass fractions wj according to the formula  

𝑤𝑗 =
𝑚𝑗

𝑚𝑗+𝑚𝑘
 where 𝑚𝑗 and 𝑚𝑘 represent the 

solvent masses. 
HMX, CL-20, and their solvates are capable of 

mass explosion initiated via static electricity, friction 
or impact. Appropriate care must be taken when 
handling these materials. 

 

Table 1: Compilation of the available solubility data of CL-20 and HMX 

  𝑏HMX/
mol

kg 
 𝑏CL−20/

mol

kg 
 

solvent CAS Nr. 293-298 K 323-333 K 293-298 K 323-333 K 

1-Methylpyrrolidin-2-one 872-50-4   2.53319; 2.62220 0.77619; 2.52420  

2-Oxepanone 502-44-3 0.23021    

4-Methyl-1,3-dioxolan-2-one 108-32-7 0.06922 0.31222 1.42619 1.72319 

5-Methyloxolan-2-one 108-29-2 0.31121    

Acetic acid 64-19-7 0.00123 0.00323   

Acetic anhydride 108-24-7  0.00723   

Acetonitrile 75-05-8 0.06824 0.14723 1.27820 1.99720 

Butyl acetate 123-86-4   0.73019 0.66219 

Cyclohexanone 108-94-1 0.03424 0.24023 1.91220 1.96020 

Dimethyl sulfoxide 67-68-5 1.92424 2.29624; 1.59423   

Ethane-1,2-diol 107-21-1   0.02217 0.03417 

Ethanol 64-17-5   0.01417; 0.00519  

Ethyl acetate 141-78-6   1.02717; 1.14119; 1.24620 0.80820 

Hexamethylphosphoric triamide 680-31-9 0.04724    

Methyl acetate 79-20-9   1.20919 1.43819 

N,N-Dimethylformamide 68-12-2  0.37523 1.50619; 1.47620 1.59719; 1.86020 

Nonan-5-one 502-56-7   0.39919 0.33819 

Oxolan-2-one 96-48-0 0.37521; 0.40524; 0.42225 0.64125 0.82219 1.29619 

Pentan-3-one 96-22-0   1.20919 1.22119 

Propan-2-one 67-64-1 0.09524; 0.08123  2.15917; 2.65419  

Tetrahydro-2H-pyran-2-one 542-28-9 0.21921    
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2.3 Preparation of Solvates 

The following procedure describes the basic 
course of action for producing the solvates. Because 
of specifics of the individual solvent, deviations 
from this procedure were undertaken. 

4000 mg of the corresponding solvent were 
added to an appropriate amount of CL-20 to form a 
supersaturated solution in a 20 mL glass vessel. The 
slurry was agitated at 600 rpm at 293.15 K for 3, 13, 
17 and 33 or 333.15 K for 7 and 28 until conversion 
occurred. Crystals for single crystal analysis were 
collected if initially high-quality crystals formed and 
were stored under mother liquor or Fomblin 
YR-1800 until measurement. 2000 mg CL-20 
(4.56 mmol) were added to the reaction mixture 
over the course of 48 h to enforce the formation of 
larger crystals by keeping the supersaturation low. 
Larger and more defect lean crystals were preferred 
to facilitate solid-liquid separation. The reaction 
mixture was divided and the mother liquor of one 
half was removed via a syringe and filter paper. The 
solid was dried at room temperature and 
atmospheric pressure until constancy of mass was 
achieved. Raman analysis of the dried material was 
carried out. Raman, TGA, and DSC analysis were 
carried out with the other half of the collected solid. 
Here the solid was quickly washed following the 
standard washing procedure published elsewhere.7 
The washed solid was only briefly dried to ensure 
total evaporation of 2-propanol, but prevent 
excessive solvent evaporation.  

3 Results and Discussion  

3.1 Solubility Data 

Most of the published solubility data for HMX and 
CL-20 are displayed in Table 1. Of the published 
solvents, oxolan-2-one (1) appears to possess the 
overall most suitable solubilities of CL-20 and HMX 
for generating the cocrystal. That is because for 
cocrystallisation the cocrystal phase region in the 
solvent must be considered. It is reasonable to 
assume that the position of the cocrystal phase 
region correlates with the solubilities of the 
individual coformers, as this holds true for other 
systems.26 One can, therefore, assume that a 
solubility ratio of CL-20 to HMX of 2:1 would be 
most beneficial. The ratio 2:1 is proposed because 
the CL 20/HMX cocrystal is composed of two parts 
CL-20 per part HMX. Solvent 1 possesses at 333 K a 
solubility ratio of 2:1 based on the literature 
solubility data. Solvent 1, however, also forms 
solvates not only with HMX, 27 but also with CL-20.28 
A solvents ability to form solvates can hinder 
cocrystal formation,8 because solvate formation is 

Table 2: Description of materials used in this paper 

chemical source purity 
[%] 

design
ation 

2,4,6,8,10,12-Hexa- 
nitrohexaaza- 
isowurtzitan 

SNPE 98.9a CL- 
20 

Cyclotetramethylen-
tetranitramin 

Chemring 
Nobel 

99.0a HMX 

Tetrahydro-2H- 
pyran-2-one 

Sigma-Aldrich ≥97.5b 2 

5-Methyloxolan- 
2-one 

Sigma-Aldrich 99b 3 

Cyclopentanone Merck 99b 4 

4-Methyloxetan- 
2-one 

Sigma-Aldrich 98b 5 

Oxolane Th.Geyer ≥99.9b 6 

1,3-Dioxolan-2-one Aldrich 98b 7 

2-Oxepanone Sigma-Aldrich 98b 9 

Ethyl acetate VWR 99b 10 

5-Ethyloxolan-2-one Sigma-Aldrich ≥98b 11 

Cyclohexanone Sigma-Aldrich 99.5b 12 

Tetrahydrotiophene 
1-oxide 

Sigma-Aldrich 96b 13 

Propan-2-one VWR 100b 14 

Thiophene Sigma-Aldrich ≥99b 15 

Furan Sigma-Aldrich ≥99b 16 

1,3-Dioxolane Sigma-Aldrich 99b 17 

4-Methyl-1,3- 
dioxolan-2-one 

Roth 99.7b 18 

Methoxysulfinyloxy-
methane 

Sigma-Aldrich 99b 19 

N-Cyclohexyl- 
2-pyrrolidone 

Sigma-Aldrich 99b 20 

3-Methylbutyl 
acetate 

Honeywell 98b 21 

5-Propyloxolan- 
2-one 

Sigma-Aldrich ≥98b 22 

Diethyl carbonate Sigma-Aldrich ≥99b 23 

Ethyl methyl 
carbonate 

Sigma-Aldrich 98b 24 

Dimethyl carbonate Sigma-Aldrich ≥99b 25 

Tetramethylurea Sigma-Aldrich 99b 26 

Formic acid Sigma-Aldrich ≥95b 27 

Acetonitrile 
Fisher 
Scientific 

≥99b 29 

2-propanole Roth 99.8b 30 

2-Methylpropane- 
nitrile 

Sigma-Aldrich 99b 31 

Nitromethane LD sportsline 99.9b 32 

Butane-2,3-dione Sigma-Aldrich 97b 33 
a Determined via 1H NMR and HPLC 
b Provided by suppliers 
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basically (depending on the preferred definition for 
cocrystal29–32) a competing cocrystallisation. In the 
ternary phase diagram of 1, CL-20, and HMX would,  

therefore, coexist at least three cocrystal phase 
regions which most likely at least partially overlap. 
It was, hence, attempted to identify alternatives to 
1 that also possess a solubility ratio close to 2:1, but  

do not form solvates. Because of the limited 
available data, 1 was chosen as the ancestral 
molecule from which most of the tested molecules 
are derived by successive exchange of functional 

groups or alkyl units (Figure 1). The literature data 
indicate that the solubility of CL-20 is nearly  

temperature independent, whereas the HMX 
solubility increases with increasing temperature. 
Solubility determinations were, thus, carried out at 
293.15 K and 333.15 K. The upper temperature was 
chosen as a compromise between the better 
solubility values for HMX at higher temperatures, 
safety concerns, and the limiting factor of boiling 
points. The obtained solubility data are displayed in 
Table 3. 

Table 4: Experimental solubilities and reference data of CL-20 in 10 and 12 at different temperatures and pressure p = 0.1 MPa 

 bCL-20 /
mol

kg
 published in 20 experimental bCL-20 /

mol

kg
 ∆𝑏𝐶𝐿−20/ 

mol 

kg 
 

solvent 273.15 K 333.15 K 273.15 K 333.15 K 273.15 K 333.15 K 

10 1.246 1.212 1.308 1.200 0.062 -0.012 

12 1.933 1.969 1.912 1.960 -0.021 -0.009 

Table 3: Experimental solubilities of HMX and CL-20 in various solvents at different temperature and pressure p = 0.1 MPa 

  bHMX / 
mol

kg 
 bCL-20/ 

mol 

kg 
 

Solvent designation 293.15 K 333.15 K 293.15 K 333.15 K 

Tetrahydro-2H-pyran-2-one 2 0.294 0.618 2.478 3.225 

5-Methyloxolan-2-one 3 0.311 0.513 solvate solvate 

Cyclopentanone 4 0.101 0.155 2.207 2.385 

4-Methyloxetan-2-one 5 0.145 0.246 2.118 2.036 

Oxolane 6 0.014 0.020 1.433 1.511 

1,3-Dioxolan-2-one 7 - 0.442 - solvate 

2-Oxepanone 9 0.463 0.685 n. d.a 2.054-3.195b 

Ethyl acetate 10 0.010 0.017 1.308 1.200 

5-Ethyloxolan-2-one 11 0.179 0.321 2.127 2.077 

Cyclohexanone 12 0.088 0.172 1.912 1.960 

Tetrahydrotiophene 1-oxide 13 1.084 1.621 solvate n. d. 

Propan-2-one 14 0.098 - 3.097 - 

Thiophene 15 <0.003 <0.003 0.005 0.009 

Furan 16 0.003 - 0.005 - 

1,3-Dioxolane 17 0.007 0.020 solvate solvate 

4-Methyl-1,3-dioxolan-2-one 18 0.122 0.311 1.586 1.919 

Methoxysulfinyloxymethane 19 0.034 0.071 1.276 1.335 

N-Cyclohexyl-2-pyrrolidone 20 0.641 0.215 n. d.c) n. d.c) 

3-Methylbutyl acetate 21 <0.003 0.003 0.632 0.582 

5-Propyloxolan-2-one 22 0.111 0.203 1.568 1.645 

Diethyl carbonate 23 0.003 0.014 0.294 0.363 

Ethyl methyl carbonate 24 0.007 0.014 0.475 0.559 

Dimethyl carbonate 25 0.007 0.020 0.018 0.100 

Tetramethylurea 26 0.209 0.621 2.191 2.932 

Formic acid 27 0.003 0.007 0.014 0.030 

Acetonitrile 29 0.071 0.165 2.848 3.131 

2-Propanole 30 <0.003 <0.003 0.002 0.002 

2-Methylpropanenitrile 31 0.020 0.034 1.317 1.383 

Nitromethane 32 0.024 0.071 0.500 0.860 

a n.d. means not determined 
b Extrapolated value from diluted solution, due to excessive viscosity. 
Not determined due to excessive viscosity 
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To validate the method, two sets of obtained 
solubility data of CL-20 are compared to the 
corresponding measurement data of Cui et al. 20 The 
solubility values and deviations of measurement are 
shown in Table 4. The results indicate the validity of 
the solubility determination method. 

 Multiple effects of the solvent molecule 
structure and its functional groups on the 
solubilities are apparent. In most cases only the 
solubility of CL-20 can be discussed, because the 
HMX solubility is often too low for changes in 
solubility to be significant in face of the 
experimental error. The strongest effect on  

solubility of CL-20 and HMX in carbonyl 
compounds with at least one adjacent oxygen has 
the overall molecular geometry i.e. whether the 
carbonyl group is situated in a ring. This can most 
easily be seen in comparing the lactone 3 with the 
similar acetate 10. This is the result of the 
prevalence of the (Z)-conformation over the 
(E)-conformation in noncyclic esters. The 
prevalence was attributed to a minimisation of 
dipole-dipole repulsion in the (Z)-conformation.33–35 
As a result, the overall dipole moment of the 
carboxyl group is weaker in noncyclic esters, 
because in (E)-conformation the individual dipoles 
align, whereas in (Z)-conformation the opposing 
dipoles weaken the net dipole moment. As the 
dipole moment is one of the key factors in 
determining the solubility of CL-20,36 (and 
presumably also HMX) it is very likely that the 
difference in dipole moments explains most of the 
difference in solubility between the tested cyclic 
and noncyclic esters. The same reasoning can also 
explain the lower solubilities in the noncyclic 
carbonates compared to 18. On the same note, the 
CL-20 solubility in 2 most likely increases that 
significantly with increasing temperature because 
the less stable conformer has a higher dipole 
moment.37 Increased mobility of the alkyl group is 
most likely responsible for the solubility reduction 
of CL-20 in 10 and 21. Due to the rigid frame of 32 
conformational changes, however, cannot explain 
the significant increase in solubility of CL-20. Also, 
the solubility increase of CL-20 in 18 is antithetic to 
the expected reduction in effective dipole moment 
of 18 with increasing temperature. The solubility 
changes of CL-20 were typically the result of dipole 

moment changes of the solvents with temperature 
increase. This indicates that CL-20 per se does not 
exhibit a temperature dependent solubility. In 
contrast, HMX shows a pronounced increase in 
solubility with increasing temperature in all tested 
solvents. Because of the often low HMX solubility in 
the solvents that exhibited significant CL-20 
solubility changes with temperature, no correlation 
of the HMX solubility to changes in solvent dipole 
moment can be discerned. On average, the 
solubility of HMX doubled by increasing the 
temperature from 293.15 K to 333.15 K. The 
smallest increase exhibits 20 with an increase of 
12% whereas the solubility in 26 almost triples. Of 
the tested solvents, 13 exhibits at 333.15 K and 
293.15 K by far the highest solubility of HMX. The 
solubility is only surpassed by dimethyl 
sulfoxide.23,24  

Of the tested solvents, 26 and 17 exhibited a slow 
decomposition of CL-20 in solution both at 293.15 K 
and 333.15 K. It is documented that CL-20 is 
chemically incompatible with amines.38 Solvent 20, 
a lactam, did not show signs of chemical 
incompatibility. Apparently, the reported 
incompatibility also encompasses amides, but 
potentially not lactams. The observed 
incompatibility of CL-20 with 17 is likely the result of 
a high HOMO-energy or a low ionisation potential 
of 17, as Thome36 found an unusually high CL-20 
solubility for the chemically similar solvent 
2,2'-[ethane-1,2-diylbis(oxy)]di(ethan-1-ol) and 
ascribed it to these attributes. While the two 
adjacent ether groups common to both molecules 
in 2,2'-[ethane-1,2-diylbis(oxy)]di(ethan-1-ol) 
apparently only increased the solubility, the ring 
geometry in 17 might have increased the effect to a 
level that enabled destructive levels of interaction. 

Of the tested solvents, none have shown 
excessive viscosities of saturated solutions of HMX. 
Of the tested solvents 3, 9, 13 and 20 have shown 
viscosities too high for practical application of 
saturated solutions of CL-20. 

3.2 Solvate Formation 

Multiple strategies of molecular variation were 
pursued to identify a solvent that exhibits a similarly 
good solubility ratio as 1, but does not form 
solvates. One strategy was to reduce the energetic 
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benefit of solvate formation by increasing the side 
chain of the five-membered lactone ring. The 
increase in side chain length from 1 up to 22 
appears to reduce the tendency of the solvent to 
produce solvates. While 1 forms solvates with both 
HMX and CL-20, for 3 only a solvate of CL-20 was 
observed, and no solvates were formed with 11 and 
22. The increase in side chain length corresponds 
with a linear decrease in solubility of HMX both at 
293.15 K and 333.15 K. The CL-20 solubility however 
does not follow a clear trend. The reported 
solubility of CL-20 in 1 and the solubility of the CL-20 
solvate in 3 are significantly lower that the CL-20 
solubilities in 11 and 22 at 293.15 K. At 333.15 K, 
compared to 293.15 K the reported solubility of 
CL-20 in 1 and the solubility of the CL-20 solvate in 
3 increase by 58% and 38%, respectively, while the 
solubility in 11 is unchanged and the solubility in 22 
decreases compared to 293.15 K.  

Another approach was to vary the lactone ring 
size hoping to maintain the level of interaction while 
reducing the energetic benefit of solvate formation. 
Of the three lactones with varied ring-size, none 
formed solvates in our solubility tests. The reported 
CL-20 solubility in 1 is significantly lower than the 
solubilities in 5, 2 and 9. Considering both the trends 
of the ring size and side chain length dependent 
CL-20 solubility, it appears very likely that the 
reported CL-20 solubility in 1 is in fact the solubility 
of the solvate. The solvate is necessarily less soluble 
than CL-20 if it is spontaneously formed in a 
solubility experiment. This leads to an atypically low 
ostensible solubility and thus to an improved 
perceived solubility ratio. This is similar to the 
situation of 7 and 3 which both exhibit a CL-20 
solvate to HMX solubility ratio close to that of 1 with 
2:1 and 3:1 at 333.15 K, respectively. That the 
reported solubility of HMX in 1 is not the solubility 
of the solvate is supported by the fact that even 
though solvates of HMX with 2, 4, 8, 9, 13 and 26 
are known39–41 these solvates did not form during 
our solubility tests which makes it likely that the 
HMX solvate of 1 also did not form in the 
experiments of Sitzmann et al.24 and Svensson et 
al.21 Most likely many of the HMX solvates reported 
are kinetic products, and their formation is in all 
likelihood only the result of the strong 
non-equilibrium conditions during their creation 
such as rapid cooling or fast evaporation of the 
solvent. It appears, for example, unlikely that HMX 
forms energetically beneficial solvates with a 
multitude of benzene and naphthalene derivates.42 

Solvent 20 was also investigated as a more 
encumbered substitute for 8 to suppress solvate 
formation. No solvates were observed and a high 

HMX solubility was determined. However, no CL-20 
solubility could be determined because of 
excessively high solution viscosity. 

All of the solvates discovered in this study were 
formed during solubility tests. Some solvate 
formations took several hours under the applied 
conditions. It is, therefore, very likely that for some 
tested solvents unknown thermodynamically stable 
solvate of CL-20 or HMX exist. This becomes clear 
when one considers that 2543 and 2944 are known to 
form CL-20 solvates and 939, 1339, 440, 845 and 239 are 
known to form HMX solvates, but no formation of 
solvate crystals occurred during the solubility tests.  

3.3 Solubility ratio 

The solubility ratios of CL-20 to HMX are displayed 
for 293.15 K and 333.15 K in Figure 2. Only solvents 
that did not form solvates in our tests and exhibited 
a solubility of HMX of greater than 0.02 mol HMX 
per kg solvent were used for this comparison. 
Because of the pronounced solubility increase of 
HMX with increasing temperature, the solubility 
ratios at 333.15 K are always improved compared to 
293.15 K. On average an improvement of factor 1.8 
is achieved.  

None of the tested solvents approaches the aimed 
at solubility ratio of 2:1. A solvent mixture approach 
was, therefore, investigated, as it has been shown 
for the cocrystal formers carbamazepine and 
saccharin that a solvent mixture for example of 
water and tetrahydrothiophene 1,1-dioxide can 
result in a more beneficial solubility ratio of the 
cocrystal formers than in both pure solvents, even 
though saccharin is more soluble in both solvents.8 
To investigate whether solvent mixtures can 
equilibrate the solubility of HMX and CL-20 too, the 
solubilities were determined in equimolar solvent 
mixtures (Table 5 and 6). The solvents were chosen 
for their diversity in functional group and solubility 
ratio. Furthermore, 29 is known to form a CL-20 
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Figure 2: Solubility ratios of CL-20 and HMX at 293.15 K (blue) 
and 333.15 K (red) in various solvents. 
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solvate and 17 has formed a CL-20 solvate in this 
study. Solvent mixtures should reduce the chance of 
solvate formation8,46 and having solvate forming 
solvent in the mixture might provide additional 
information. As can be seen from Table 5, most 
solvent mixtures exhibit a solubility ratio close to 
the arithmetic mean of the individual solvents. Only 
for the mixture of 5 and 10 a solubility ratio 
significantly better than the mean, but still worse 
than the better solubility ratio, was obtained. And 
in the mixture of 17 and 32 a solubility value 
significantly worse than in 32 was observed.  

These results are inconclusive; however, they also 
do not provide evidence for possible solubility ratio 
reduction by applying solvent mixtures. 

These solubility data represent only one point on 
the mass fraction dependent solubility curve. For 
selected solvents, solubilities of HMX and CL-20 
were, therefore, determined in varying mixtures 
with 30 to investigate whether a more favourable 
solubility ratio can be achieved depending on the 
solvent mixture ratio (Table 7).  

No uniform behaviour of the solubility ratio 
depending on the mass fraction of 2-propanol in the 
solvent mixtures is apparent (Figure 3), but no 
solvent mixture exhibits a decrease of solubility 
ratio within the solubility region of practical use. No 
further solubility tests in solvent mixtures were 
undertaken. 

As can be seen from Figure 2, for solvents of 
reasonably high solubility the solubility ratio of 
CL-20 and HMX can vary drastically, from 5:1 for 26 
up to 42:1 for 31 at 333.15 K, but none of the tested 
or reported solvents possesses a HMX solubility 
equal or higher than that of CL-20. This speaks for 
inherent differences in the solvation and/or lattice 
enthalpy of the two substances. Because of the lack 
of data of the lattice enthalpy of HMX and CL-20 and 
the large margin of error of experimental and 
calculated data (the reported sublimation enthalpy 
data of CL-20, for example, from which one could 
derive the lattice enthalpy differ by over  

100 kJ mol-1)47 no further analysis of this 
phenomenon was undertaken. 
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Figure 3: Solubility ratio progression of CL-20 and HMX in 
various solvent mixtures with 30. Red triangles 6, yellow 
rhombs 10, green triangles 14, blue squares 29, violet circles 
32. 

Table 6: Experimental solubilities of HMX and CL-20 in 
equimolar solvent mixtures at 333.15 K and pressure 
p = 0.1 MPa 

solvent 
A 

solvent B bHMX / 
mol

kg 
 bCL-20 / 

mol 

kg 
 

5 10 0.093 1.578 
17 5 0.140 1.816 
17 32 0.045 1.102 
29 10 0.051 1.750 
29 32 0.110 1.684 

 
Table 5: Comparison of the solubility ratios of CL-20 and 
HMX in equimolar solvent mixtures with the arithmetic 
mean and the solubility ratio of CL-20 and HMX in the pure 
solvents  

solv
ent 
A 

solv
ent 
B 

solubility 
ratio of 
solvent A 

solubility 
ratio of 
solvent B 

arith
metic 
mean 

obtained 
solubility 
ratio 

5 10 8 71 40 17 
17 5 n.d.a) 8 - 13 
17 32 n.d.a) 12 - 24 
29 10 19 71 45 34 
29 32 19 12 15 15 
a) No solubility ratio of 17 was determinable  
because of solvate formation.  
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Table 7: Experimental molalities b of CL-20 and HMX in mixtures of liquid solvent with 30 of mass fraction w at 293.15 K and 
pressure p = 0.1 MPa 

Solvent  𝑤30 𝑏CL−20 / 
mol

kg
 𝑤30 𝑏HMX / 

mol

kg
 Solvent  𝑤30 𝑏CL−20 / 

mol

kg
 𝑤30 𝑏HMX / 

mol

kg
 

6 1 0.002 1 0.000 29 0.9318 0.011 0.9289 0.001 

 0.8796 0.015 0.8822 0.001  0.8525 0.044 0.8538 0.002 

 0.7696 0.056 0.769 0.001  0.772 0.110 0.7727 0.002 

 0.6608 0.144 0.6587 0.001  0.6883 0.222 0.6868 0.006 

 0.5498 0.316 0.5547 0.002  0.5907 0.410 0.5931 0.009 

 0.4584 0.499 0.4546 0.003  0.4911 0.642 0.4943 0.015 

 0.3667 0.683 0.3579 0.004  0.3909 1.016 0.3861 0.023 

 0.2656 0.897 0.2627 0.006  0.2715 1.477 0.2663 0.031 

 0.1683 1.171 0.1715 0.007  0.1382 2.146 0.1408 0.051 

 0.0833 1.316 0.0843 0.009  0 2.848 0 0.071 

 0 1.511 0 0.013      

     32 0.8967 0.005 0.8947 0.001 

10 0.8604 0.018 0.8591 0.001  0.7912 0.016 0.7972 0.001 

 0.7316 0.071 0.7326 0.001  0.6331 0.054 0.6913 0.002 

 0.6162 0.163 0.6144 0.001  0.5896 0.071 0.5953 0.003 

 0.5083 0.292 0.5061 0.002  0.4961 0.115 0.4955 0.004 

 0.4014 0.455 0.4067 0.003  0.3952 0.175 0.3954 0.007 

 0.3109 0.621 0.3142 0.004  0.2955 0.250 0.2968 0.010 

 0.224 0.812 0.2258 0.005  0.1978 0.323 0.177 0.016 

 0.1409 0.966 0.1448 0.006  0.098 0.432 0.0985 0.020 

 0.0704 1.213 0.0715 0.008  0 0.499 0 0.024 

 0 1.308 0 0.009      

          

14 0.9032 0.023 0.9023 0.000      

 0.7918 0.108 0.8048 0.001      

 0.7065 0.184 0.7062 0.002      

 0.6084 0.483 0.6068 0.005      

 0.5107 0.715 0.5097 0.010      

 0.4105 1.224 0.4069 0.018      

 0.3086 1.633 0.307 0.029      

 0.1971 2.285 0.2073 0.046      

 0.0975 2.630 0.104 0.069      

 0 3.097 0 0.098      
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3.4 Solvent selection for cocrystallisation 

Considering the abundance of solvate forming 
solvents, that often solvents either form HMX or 
CL-20 solvates, that for eight of the ten best 
solvents for HMX solvates are known, and that 
some tested solvents might possess undiscovered 
solvates, the strict exclusion of solvate forming 
solvents from consideration for 
CL-20/HMX-cocrystal generation needs to be 
revaluated. It is proposed that the possible 
formation of thermodynamic stable HMX solvates 
in general constitutes a far greater hindrance to the 
formation of the cocrystal than possible CL-20 
solvate formation, because one would most likely 
operate a cocrystallisation for efficiency reasons 
close to the HMX/cocrystal phase boundary in the 
ternary phase diagram which is most likely the 
phase region of the HMX solvate phase. A solution 
composition for crystallisation close to the HMX 
phase boundary seems reasonable, because all 
tested, and possibly all solvents in general, exhibit a 
far worse solubility ratio than 2:1 in the tested 
temperature range. Even solvents that 
spontaneously produce CL-20 solvate can, 
therefore, be considered for cocrystallisation. It is 
very likely that many of the reported solvates of 
HMX are kinetic products that would hence possess 
a higher solubility than pure HMX. These kinds of 
solvates would most likely not disturb the 
cocrystallisation process, and these solvents are 
most likely suited for consideration for 
cocrystallisation. Because CL-20 is in all solvents far 
more soluble than HMX, it appears that the most 
promising candidates for consideration as solvent 
for solution based cocrystallisation of CL-20 and 
HMX are the solvents exhibiting the best solubility 
ratio that do not form thermodynamically stable 
HMX solvates. Based on these findings, for the 
solvents that exhibited the best solubility ratios, 
cocrystallisation tests have been carried out and 
published.7 Absolute solubility, chemical 
compatibility, and crystal morphology narrowed the  

selection down to 29 in these tests.7 Because of 
the temperature dependency of the HMX solubility 
high-boiling solvents might be of special interest for 
further crystallisation experiments, as at even 
higher temperatures than 333.15 K better solubility 
ratios should be achievable and other solvents than 
29 might become viable. 

3.5 Solvate characterisation 

Solvents 3, 7, 13, 17, 28, 33 have formed solvates 
with CL-20 in our solubility tests. Except for the 28 
solvate, for all solvates single crystals suited for 
x-ray structural analysis were obtained. As can be 

seen from Figure 4, where the normalised mass loss 
over time is displayed for the solvate crystals under 
atmospheric conditions, aside from the solvate of 7 
none of the solvates are stable under atmospheric 
conditions. The 17 solvate reached total desolvation 
the fastest with 116 h followed by the 28 and 33 
solvates with 166 h. Between 1031 and 6600 h, the 
3 solvate reached total desolvation, while the 13 
solvate still retains a vestige amount of solvent after 
6600 h. 

Because of the instability of the solvates, no pure 
material aside from the individual crystals for single 

Figure 4: Mass loss of the solvates at 293 K and 0.1 hPa. With 
the CL-20 solvates of 7 in green circles, 13 in blue squares, 17 
in orange triangles, 3 in violet crosses, 33 in teal diamonds and 
28 in black dashes. 
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Table 8: Desolvation onsets during the TGA of the 
solvates 

 
first desolvation 
onset [K] 

second desolvation 
onset [K] 

3 308 333 

28 311 -- 

17 319 -- 

33 325 -- 

13 345 -- 

7 371 423 
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crystal structure determination could be obtained. 
Further analysis was carried out with fresh solvate 
material that was washed following the standard 
washing procedure and dried quickly to minimise 
the desolvation. The solvate of 13 desolvated 
completely during the washing. To obtain samples 
for analysis, this material was then only dried on 
filter paper to remove most of the adherent 
solution. Raman spectra, DSC diagrams, and TGA 
diagrams of the washed samples are found in the 
supporting information. 

Even though all solvates dissociate at room 
temperature except for the 7 solvate, during TGA 
analysis sharp desolvation temperatures 
significantly higher than room temperature were 
determined (Table 8). The two-step mass loss of the 
3 solvate during the TGA starting at a very mild 
308 K but proceeding stronger between 335 K and 
367 K correlates well with the initial rapid mass loss 
at atmospheric conditions and the following slower 

mass loss. The 7 solvate also exhibits a two-step 
mass loss that correlates well with two distinct 
endothermic signals in the DSC diagram (Table 9). 
All solvates except for the 13 solvate exhibit a 
typically broad endothermic signal in the DSC 
measurement 14-72 K higher that the desolvation 
onset in the TGA. This is attributed to the 
desolvation and evaporation of the solvent. The 13 
solvate, however, exhibits an endothermic signal 
20 K lower than the desolvation onset which could 
indicate a phase change before desolvation 
occurred. The 13 solvate, furthermore, is the only 
compound that exhibits a significantly lower 
decomposition temperature both in the TGA and 
DSC measurement than pure CL-20. The 
comparison of the temperature dependent mass 
loss curves (Figure S13) show that evaporation of 
solvent and decomposition of CL-20 fade into each 
other only for the 13 solvate.  

The single crystal data of the five novel solvates of 
CL-20 are discussed in the following, and the 
crystallographic information are displayed in 
Table 10. 

In the crystal structure (orthorhombic, P21212) of 
CL-20:33, there is one and a half independent 33 
present for every independent CL-20. The “half” 33 
is situated on the border of the asymmetric unit 
acting as an inversion centre. This molecule is 
disordered about its position in the crystal lattice 
and its contact is limited to four weak O∙∙∙H-C 

interactions (ca. 2.5-2.6 Å) with two adjacent CL-20. 

Table 9: Endothermic heat flow during the DSC 
analysis of the solvates 

 
first endothermic 
peak (max heat 
flow) [K] 

second endothermic 
peak (max heat flow) 
[K] 

13 326 -- 

17 341 -- 

28 359 -- 

33 361 -- 

3 380 -- 

7 418 445 

 

Table 10: Crystallographic information for the five CL-20 solvates 

 3 7 13 17 33 

space group P1̅ Cc P21/𝑐 P21/𝑐 P21212 

crystal system Triclinic Monoclinic Monoclinic Monoclinic Orthorhombic 

a/Å 7.1967(7) 15.8685(5) 12.6725(4) 8.9577(3) 21.5458(8) 

b/Å 12.1864(10) 20.1229(6) 33.1797(16) 12.6281(4) 12.5600(5) 

c/ Å 15.9929(16) 22.9923(8) 18.0049(6) 15.6248(6) 8.0755(3) 

𝛼/° 100.573(7) 90 90 90 90 

𝛽/° 102.412(8) 90.246(3) 92.411(3) 96.746(4) 90 

𝛾/° 106.818(8) 90 90 90 90 

V/ Å3 1265.1(5) 7341.8(4) 7563.8(5) 1755.2(2) 2185.3(5) 

Z 2 16 4 4 4 

𝜌/g ccm-3 1.676 1.905 1.593 1.939 1.724 

T/K 110 110 293 115 113 

stoichiometry 1:2 1:1 2:9 1:1 2:3 

chemical formula 
C6H6N12O12: 
2C5H8O2 

C6H6N12O12: 
C3H4O3 

2C6H6N12O12: 
9C4H8OS 

C6H6N12O12: 
C3H6O2 

2C6H6N12O12: 
3C4H6O2 

CL-20 conformation 휀  𝛾  𝜉 + 𝜗 휀  𝛾  

R1 0.057 0.0401 0.0667 0.0286 0.031 

CCDC 2049488 2049491 2049489 2049492 2049490 
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Hence, no significant interaction between the two 
independent 33 molecules is present. CL-20, 
assuming the conformation found in 𝛾-CL-20, forms 

a zig-zag chain of strong O∙∙∙H-C interactions (2.3 Å) 
along the b-axis in which each molecule is related to 
the next by inversion symmetry. The 33 are bound 
to this chain on alternating sides by moderate O∙∙

∙H-C interactions (ca. 2.4 Å). These chains form a 
layer structure in the bc-plane, which is linked in c 

direction only by weak O∙∙∙H-C interactions (2.6 Å) 
between CL-20 molecules. 

The conformation found in 𝛾-CL-20 is also 
observed in the crystal structure (monoclinic, Cc) of 
CL-20:7, where four independent CL-20 and four 
independent 7 are present in the asymmetric unit. 
Two of the CL-20 each possess two strong O∙∙∙H-C 

interactions (2.2 Å). Of the independent 7 
molecules, three possess each two to three 

moderate O∙∙∙H-C interactions (ca. 2.3-2.4 Å), while 
the other 7 only exhibits weak O∙∙∙H-C interactions 

(ca. 2.5-2.6 Å). This might explain the two-step mass 
loss during the TGA. The molecules are arranged in 
alternating single stack zig-zag layer in the ab-plane 
(Figure 5). 

CL-20:3 (in a 1:2 ratio) has been found to 
crystallise in the triclinic crystal system (P1̅), in 
which CL-20 exhibits the conformation found in 
휀-CL-20. Because of the chirality of 7, two 
independent 7 are present in the unit cell. Both 
positions, however, are disordered, as at both 
positions both enantiomers can be found in the 
crystal. From Figure 6 it can also be seen that one 
position exhibits significantly stronger interactions 
than the other. This asymmetry is most likely the 
reason for the two-stage desolvation observed 
during the TGA.  

The layered nature of the overall structure 
becomes evident when viewed down the a-axis 
(Figure 7). 3 is arranged in a zig-zag layer while 
CL-20 is arranged in a flat plane. 

The conformation found in 휀-CL-20 is also 
observed in the crystal structure (monoclinic, 
P21/𝑐) of CL-20:17. CL-20 and 17 form an 
alternating layer system in the ab-plane that is 
connected in three dimensions with moderately 

Figure 5: The layered arrangement observed in CL-20:7. 
Hydrogens are omitted for clarity. 

Figure 6: The intermolecular O∙∙∙H-C interactions between CL-
20 and the two independent molecules of 3. Contact length is 

displayed in Å. Only contacts of less than VdW radius - 0.1 Å 

are displayed. One interaction of length 2.6 Å is omitted for 
both positions for clarity reasons. Thermal ellipsoids are set to 
50% probability. 

Figure 7: The layered arrangement observed in CL-20:3. 
Hydrogens are omitted for clarity. Thermal ellipsoids are set to 
50% probability. 
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weak O∙∙∙H-C interactions (ca. 2.4-2.5 Å). One 
molecule 17 acts as the donor in the strongest O∙∙

∙H-C interactions (2.38 Å). No short contact exists 
between the oxygens of 17 and the nitramine 
groups of CL-20. This indicates that the destabilising 
interaction observed in solution is most likely not 
present in the crystal structure. A destabilising 
interaction of the acetal group’s oxygen lone pairs 
with the 𝜎∗ orbital of the nitramine group might 
cause the decomposition in solution. As the 𝜎∗ 

orbitals of the N-N-bonds extend from CL-20 in line 
with the bonds themselves, solvent 17 would need 
to be positioned in extension of the N-N-bonds. 
From Figure 8 it can be seen, however, that 17 is 
situated between the nitramine groups. No 
significant interaction of the oxygen lone pairs of 17 
with the 𝜎∗ orbitals of the N-N-bonds is, therefore, 
possible. 

The CL-20:13 solvate’s crystal structure 
(monoclinic, P21/𝑐) is formed by two independent 
CL-20 molecules and nine independent 13 
molecules of which one is disordered. This structure 
comprises clusters of four CL-20 situated over 
inversion centre that are isolated from each other 
by a layer of 13 (Figure 9). The 13 molecules, 
therefore, form a 3 D net throughout the crystal. 
The nine independent molecules of 13 all exhibit 
different levels of O∙∙∙H-C interactions ranging from 

one to four interactions and 2.2 up to 2.6 Å. The 

Figure 9: N∙∙∙O interaction between CL-20 forming an 
inversion centre (left). Hydrogens are omitted for clarity. 
Thermal ellipsoids are set to 50% probability. Visualisation of 
the enveloping cluster of 13 around the four CL-20 around the 
inversion centre. 

Figure 10: Superposition of the two independent CL-20 in 
the CL-20:13 solvate displayed from two angles. The 
molecule that adopts the conformation found in 𝜉-CL-20 is 
displayed in grey. Thermal ellipsoids are set to 50% 
probability. Hydrogens are omitted for clarity. 

 

N4 N10 

Figure 8: Visualisation of the lack of strong interaction 
between the acetal group of 17 and the nitramine groups of 
CL-20. Hydrogens are omitted for clarity. Thermal ellipsoids 
are set to 50% probability. 
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weakest bonded 13 only possesses one moderate 

interaction (2.4 Å). The difference in intermolecular 
bonding strength of all nine 13 explains the wide 
temperature range over which desolvation 
occurred in the TGA. One of the independent CL-20 
adopts the conformation found in ξ-CL-20. This 
conformation has previously only been found in two 
additional crystal structures aside from ξ-CL-20.48,49 
The other CL-20 in the crystal structure of the 
CL-20:13 solvate crystal, however, exhibits a 
conformation (Figure 10) that was believed to be 
sterically unfavourable 50,51 and has never 
previously been described. Hence, a novel 
𝜗-conformation was discovered. The conformation 
is similar to the conformation of CL-20 in the 
ξ-phase, but the nitramine group situated at N4 
(Figure 10) is in endo position. The resulting lone 
pair repulsion seems to be mitigated by the quite 
severe out-of-plane bend angle (44°) of the 
nitramine group relative to the six-membered ring 
plane (Figure 10). Only two other CL-20 
conformation are known to date that exhibits an 
endo orientation of N4 or N10: 휀-CL-20 and 
𝜂-CL-20.52 The solvate’s crystal structure gives no 
obvious indications why this highly unusual 
conformation occurs. The CL-20 in question 
possesses O∙∙∙N interactions with an inversion 
symmetrical CL-20 (Figure 9). This interaction is 

weak (2 ∙ 3.1 Å) compared to similar interactions 

found in 휀-CL-20 (2.8 and 3.1 Å) and ξ-CL-20 

(2 ∙  2.6 Å). This interaction is, therefore, most likely 
not responsible for the unusual conformation and 
the unusually low decomposition temperature of 
the solvate. During research concerning the novelty 
of the 𝜗-conformation, five CL-20 containing 
cocrystals were found that all seem to contain CL-20 
in an also undescribed conformation.52–55 The 

conformation closely resembles 휀-CL-20. Here, 
however, the six-ring nitramine groups both exhibit 
exo orientation (Figure 11) instead of endo-exo 
orientation found in 휀-CL-20.50 While the nitramine 
group at N4 is endo bent by 2° in 휀-CL-20, the 
nitramine groups at N4 are bent between 14° and 
25° exo in the undescribed conformation. The first 
crystal containing this conformation was, to the 
best of our knowledge, published by Urbelis, Young, 
and Swift in 2015.55 

4 Conclusion 

The solubility of CL-20 and HMX was determined 
in 29 solvents at 293.15 K and 333.15 K and 5 
ternary mixtures at 293.15 K. The strong 
temperature dependency of the HMX solubility was 
confirmed and a, for the most parts, temperature 
independence of the CL-20 solubility was found. 
Furthermore, it was found that HMX is always far 
less soluble than CL-20 with a solubility ratio ranging 
from 5:1 for 26 at 333.15 K up to 210:1 for 21 at 
293.15 K. Solubility ratios that appeared to be closer 
to 2 were only found when a CL-20 solvate was 
formed. Because of the abundance of reported 
solvate forming solvents and the unfavourable 
solubility ratio it is proposed that for 
cocrystallisation of the CL-20/HMX cocrystal only 
solvents that form thermodynamic stable HMX 
solvates might be excluded from consideration. In a 
study based on this work, it was found that only 
acetonitrile was a suitable solvent for the 
crystallisation at 333 K. But, based on the strong 
temperature dependency of the HMX solubility, at 
higher temperatures other solvents might also be 
applicable. The analysis of the five obtained crystal 
structures of the six new solvates of CL-20 revealed 
a novel CL-20 conformation that is thought to be 
energetically unfavourable but might provide 
further insight into the potential energy surface of 
the CL-20 conformations. 
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Figure S1: DSC diagram of the 3 solvate (heating rate 5K/min). 

Figure S2: DSC diagram of the 28 solvate (heating rate 5K/min). 
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Figure S3: DSC diagram of the 33 solvate (heating rate 5K/min). 

Figure S4: DSC diagram of the 17 solvate (heating rate 5K/min). 
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Figure S5: DSC diagram of the 7 solvate (heating rate 5K/min). 

Figure S6: DSC diagram of the 13 solvate (heating rate 5K/min). 
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Figure S7: Raman spectrum of the 17 solvate of CL-20. 

Figure S8: Raman spectrum of the 28 solvate of CL-20. 
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Figure S9: Raman spectrum of the 3 solvate of CL-20. 

Figure S10: Raman spectrum of the 33 solvate of CL-20. 
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Figure S11: Raman spectrum of the 13 solvate of CL-20. 

Figure S12: Raman spectrum of the 7 solvate of CL-20. 
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Table S1: The Observed Vibration Bands of the Solvates in cm-1 a) 

17 28 3 33 13 7 

65 s 74 s 77 vs 72 vs 75 vs 64 vs, sh 
73 s 80 s, sh 102 vs 87 vs 110 vs 81 vs 
93 vs 137 w 118 vs, sh 121 vs 168 w 117 vs 

103 vs 231 vw 168 m 159 w 226 vw 170 w 
107 vs, sh 263 vw,sh 222 m 169 w 242 vw 229 w 
122 vs 269 vw 261 w 194 vw 268 w 261 w, sh 
131 vs 292 vw 268 w 241 w 291 w 267 w 
160 w 312 vw 280 m 265 w 312 m 283 vs 
171 w 319 vw 291 m 288 m 330 w 310 s 
190 w 345 vw 305 m 308 s 465 vw 336 vw 
220 w 512 vw 320 s 345 vw 511 vw 365 w 
253 w 795 vw 340 w 368 vw 635 m 372 vw 
265 m 821 vw 350 vw 377 vw 666 m 406 vw 
309 s 834 vw 362 w 404 vw 720 vw 447 vw 
316 vs 841 vw 385 vw 448 vw 795 w 460 vw 
340 s 857 vw,sh 398 vw 471 vw 844 w 470 vw 
364 w 862 vw 406 vw 517 vw 863 vw 512 vw 
373 vw 884 vw 441 vw 529 vw 877 vw 528 vw 
380 vw 932 vw 460 w 538 vw 892 vw 561 vw 
408 vw 984 vw 503 vw 556 vw 955 vw 590 vw 
453 vw 1030 vw 519 vw 581 vw 990 vw 613 vw 
463 vw 1078 vw 534 vw 592 vw 1018 w 621 vw 
519 vw 1098 vw 559 vw 617 vw 1025 w, sh 637 vw 
571 vw 1159 vw 589 vw 635 vw 1101 vw 670 vw 
584 vw 1231 vw 605 vw 684 w, sh 1134 vw 689 vw 
591 vw 1251 vw,sh 613 vw 689 w 1231 vw 719 m 
605 vw 1261 vw,sh 623 vw 719 vw 1265 w 757 vw 
626 vw 1268 vw,sh 654 vw 750 vw 1289 w, sh 796 m 
643 vw 1279 vw,sh 661 vw,sh 797 w 1338 m 807 vw 
650 vw 1286 vw,sh 717 vw 836 w 1371 vw 828 vw 
659 vw 1300 vw 795 w 844 m 1413 w 835 w 
725 vw 1310 vw 804 w 861 w 1449 w 845 vs 
735 vw 1327 vw,sh 819 w 877 vw 1464 vw 863 w 
744 vw 1335 vw 833 m 914 vw 1603 w 897 vs 
754 vw 1372 s 840 s 951 vw 2808 vw 911 vw 
790 w 1396 w 856 vw 1006 vw 2881 w 957 vw 
820 vs 1477 s 942 vw 1047 vw 2932 vs 986 w 
836 m 1491 vw 952 vw 1082 vw 2955 vs, sh 1050 vw 
854 w 1616 vw 982 w, sh 1116 vw 3054 w 1076 vw 
914 vw 1625 vw 989 w 1124 vw   1099 vw 
944 m 1657 vs 1004 vw 1140 vw   1110 vw 
957 vw 1693 vw 1052 vw 1227 vw   1174 vw 
965 vw 2729 vw 1069 vw 1266 w   1226 w 
990 w 2835 vw 1131 vw 1275 w, sh   1238 w 

1034 vw 2870 vw 1161 vw 1288 w, sh   1266 m 
1058 vw 2894 vw 1198 vw 1308 m   1292 w 
1082 vw 3018 vw 1240 w 1317 w, sh   1303 w 
1128 w 3031 vw 1264 m 1333 m   1333 vs 
1140 vw 3041 vw,sh 1277 m 1343 w, sh   1376 w 
1180 vw 3047 vw 1287 m 1383 vw   1387 vw 
1189 vw 3052 vw 1299 m 1419 vw   1481 vw,sh 
1214 vw 3127 vw 1305 m, sh 1577 vw   1484 w 
1242 w 3167 vw 1333 vs 1592 vw   1491 vw,sh 
1249 w   1378 w 1605 w   1555 vw 
1260 w   1421 vw 1619 vw   1604 w 
1272 w   1448 w 1624 w   1619 w 
1279 w   1462 w 1722 vs   1623 w 
1300 w   1571 vw 2929 m   1779 vw 
1313 s   1585 vw 2971 vw   1801 vw 
1323 w   1597 w 3019 vw   2934 vw 
1334 w   1614 vw 3031 w   2998 w 
1348 m   1621 w 3037 w   3010 w 
1381 vw   1629 vw 3047 s   3044 m 
1386 vw   1736 vw 3055 m   3048 m 
1403 vw   1766 vw 3066 w   3056 m 
1475 vw   2764 vw     3072 w 
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1513 vw   2828 vw       
1556 vw   2879 vw       
1565 vw   2895 w       
1587 w   2927 m, sh       
1596 w   2990 m, sh       
1621 w   2996 s       
2783 vw   3002 m, sh       
2904 w   3035 m       
2915 w   3044 m       
2970 w   3060 w       
2984 vw,sh           
3014 vs           
3032 s           
3051 s           

a) v = very, s = strong, m = medium, w = weak, sh = shoulder 

 
  

Figure S13: Temperature dependent mass loss of the solvates. With the CL-20 solvates of 7 in green, 13 in blue, 17 in 
orange, 3 in violet, 33 in teal and 28 in black. 
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NMR measurement of HMX and CL-20 
Purity of the raw material was judged based on the 1H NMR data under the assumption, that the impurities 

possess a comparable hydrogen to carbon, nitrogen, and oxygen ratio as the raw material. This assumption 
appears reasonable, as the expected impurities of CL-20 are incompletely nitrated by-products and in case of 
HMX the expected impurity is RDX. Because of the overlap of the signals in the range of 5.7 ppm to 6.3 ppm for 
HMX and 7.7 ppm to 8.4 ppm for CL-20, respectively these signals were integrated using origin 2019. The 
obtained integrals for HMX and CL-20 are listed in Table S1. Measurements were carried out using a 400 MHz 
Brucker spectrometer. For 1H 16 spectra were summed up. For 13C 64 spectra were summed up and proton 
decoupling was carried out. 

 

Figure S14: 1H NMR spectrum of HMX dissolved in DMSO D6. Signals at 3.3 ppm and 2.5 ppm are caused by 
incompletely deuterated DMSO. 
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Figure S15: 1H NMR spectrum of CL-20 dissolved in DMSO D6. Signals at 3.3 ppm and 2.5 ppm are caused 
by incompletely deuterated DMSO. 

 

Figure S16: 13C-NMR spectrum of HMX dissolved in DMSO D6. The septet at 39.4 ppm is caused by the 
DMSO. 
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Figure S17: 13C-NMR spectrum of CL-20 dissolved in DMSO D6. The septet at 39.4 ppm is caused by the DMSO. 

 

Table S2: chemical shift and integrals of the 1H NMR spectra of the HMX and CL-20 samples 
HMX CL-20 
chemical shift [ppm] integral Chemical shift [ppm] integral 

2.066 0.002 2.089 0.006 
2.089 0.001 2.303 0.001 
2.268 0.001 6.843 0.001 
5.556 0.003 7.406 0.006 
6.036 1.000 7.625 0.001 
6.107 0.005 7.892 0.001 
6.137 0.001 7.994 0.667 
  8.043 0.001 
  8.095 0.333 
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HPLC chromatograms of CL-20 and HMX 
The chromatograms of HMX and CL-20 were recorded according to the following procedure. Using an Agilent 

1100 HPLC system equipped with a binary pump and a diode array detector the injected sample of 1 µl was 

separated on a Kintex 2.6 µm C18 100 Å 100x4.6 mm column with pre-column. A mixture of acetonitrile and 
water was used as eluent. The eluent composition was gradually changed over time. Time 1 min: 10% 
acetonitrile, Time 20 min: 50% acetonitrile, time 22 min: 95% acetonitrile, time 27 min: 95% acetonitrile, time 
28 min: 10% acetonitrile, post-time: 11 min. The eluent flow was 0.6 mL/min. The column was heated to 308 K 
during the analysis. Data analysis was carried out using Agilent ChemStation. The quantification of the impurities 
was carried out under the assumption, that the impurities exhibit the same responsiveness at the measurement 
wave length of 255 nm which is reasonable as all the expected impurities are comprised of the same functional 
groups as HMX and CL-20. The retention time of HMX was 13.6 min and the retention time of CL-20 23.3 min 
under these conditions. The retention times and integrals for HMX and CL-20 are listed in Table S2. 

 
  

Figure S19: HPLC chromatogram of HMX. 

Figure S18: HPLC chromatogram of CL-20. 
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Table S3: retention times and integrals of the HPLC chromatogram of the HMX and CL-20 samples 
HMX CL-20 
retention time [min] integral retention time [min] integral 

7.348 0.0008 1.073 0.0001 
8.829 0.0015 19.551 0.0027 
12.18 0.0002 20.488 0.0005 
13.208 0.0039 21.242 0.0002 
13.637 1.0000 22.041 0.0016 
20.542 0.0002 23.25 1.0000 
22.115 0.0002 23.996 0.0009 
23.583 0.0001   
23.887 0.0002   
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7 Cocrystallisation Method: Choice and Development 
 

7.1 Investigation of Crystallisation Conditions to Produce CL-20/HMX 
Cocrystal for Polymer-Bonded Explosives 
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Reproduced with permission.  
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The following modifications were made to the paper: 

• Typing errors were corrected 

• Temperatures were changed from °C to K to unitise the style in this work 
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Abstract: Since its discovery in 2012, multiple techniques to generate the CL-20/HMX cocrystal have been 
published. However, as yet no assessment or trial has been reported of crystallisation methods capable of 
producing the cocrystal in a size region and production scale suitable for its use in polymer bonded explosives 
(PBX). This paper provides insight into the selection of suitable crystallisation methods, solvent selection and 
process optimisation with a focus on the efficient production of high-quality cocrystals for use in PBX. Through 
extensive solvent screening, acetonitrile was identified as the best solvent for solution-based crystallisation, due 
to its capability to produce compact parallelepipedic crystals and its comparably wide cocrystal phase region. 
Crystallisation conducted at 333.15 K was found to increase the conversion rate and the material efficiency 
compared to room temperature. By application of an advanced seeding procedure, high-quality cocrystals in 
the size region of 180-250 µm were produced in laboratory-scale antisolvent and cooling crystallisations. By 
pilot-plant-scale batch reaction cocrystallization, cocrystals with a volume-weighted mean diameter of 33 µm 
were produced in quantities of 250 g per day.  

 

1 Introduction 

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) outperforms 1,3,5,7-
tetranitro-1,3,5,7-tetrazoctane (HMX) in terms of 
detonation velocity, oxygen balance, and explosive 
power. [1], [2] However, it has not seen any 
widespread use in high explosives formulations 
because of its comparably high mechanical 
sensitivity. [2], [3], [4]  

One way to approach the sensitivity issue of CL-20 
was presented by Bolton et al. in the form of the 
2:1 CL-20/HMX cocrystal. [3] There is still ongoing 
debate in the scientific community about what kind 
of species should be called cocrystals. [5], [6] Here 
we adopt the proposed definition of Aitipamula et 
al. [5] “cocrystals are solids that are crystalline 
single-phase materials composed of two or more 
different molecular and/or ionic compounds 
generally in a stoichiometric ratio” knowing that this 
definition partly overlaps with the definitions of 
salts and solvates. The CL-20/HMX cocrystal is 
reported to possess comparable impact sensitivity 
to HMX and to exceed HMX in terms of detonation 
velocity. [3] This cocrystal is therefore a promising 
candidate to succeed HMX as the state-of-the-art 
high explosive. Multiple techniques are presented 
in the literature to generate the cocrystal: 
Antisolvent crystallisation, [7] spray flash 
evaporation, [8] spray drying, [9] solvent 
evaporation, [3], [10], [11]  ultrasonic spray-assisted 
electrostatic adsorption, [12] liquid-assisted 
grinding, [3], [7], [13] and reaction cocrystallisation. 
[10] The term reaction cocrystallization (RC) was 
coined by Rodríguez-Hornedo et al. [14] and 
describes cocrystallisation utilising the solubility 
difference between the cocrystal and the individual 
cocrystal components. For use of the cocrystal in 
PBX, special requirements concerning morphology 
and crystal size distribution need to be achieved in 
order to ensure processability of the PBX. The 

following product parameters were therefore 
chosen: 

• Crystals of compact morphology are beneficial 
to the processability of the PBX, due to the 
detrimental effect of plate-like particles on the 
viscosity. 

• A crystal size distribution with a volume-
weighted mean diameter (dm) in the region of 
200 µm must be accessible, as the desired 
explosive loadings of 85-90 % typically require 
the application of a bimodal particle size 
distribution that is separated by one order of 
magnitude. The application of very fine crystals 
in the PBX can lead to an undesirably high 
viscosity. For this reason, a pairing of 20 µm and 
200 µm for dm is often the target.  

• As sensitivity to shock and impact tends to 
depend on crystal quality (gas/liquid inclusions, 
voids, dislocations,…) [15], a crystallisation 
process capable of producing high-quality 
crystals is preferred.  

• Due to the cost of CL-20, the crystallisation 
method must either exhibit a good CL-20 
efficiency or CL-20 must be easily recyclable 
from solution. 

Based on the defined product parameters, the list 
of applicable crystallisation methods narrows down 
to antisolvent crystallisation, cooling crystallisation, 
reaction cocrystallization and evaporation 
crystallisation, since other methods generally offer 
only limited options to control crystal size and 
crystal quality. In this paper we describe the steps 
needed to develop a cocrystallisation process 
capable of producing CL-20/HMX cocrystals in the 
100 g-range with tuneable crystal size, compact 
morphology and high crystal quality. In particular, 
the following four steps are presented: 

• Definition of product parameters 

• Selection of crystallisation process 

• Solvent selection 
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• Optimisation of process parameters 

2 Experimental Section  

All solvents were reaction grade or higher and 

were stored over 3 Å molecular sieve. CL-20 (lot 
number 573S98) was obtained from SNPE. HMX (lot 
number NSI 00E 000 E004) was purchased from 
Chemring Nobel. 

2.1 Characterisation Methods 

Raman spectra were obtained with a Bruker RFS 
100/S Raman spectrometer equipped with a 
1064 nm ND:YAG-laser operated at 450 mW and a 
liquid- nitrogen-cooled Germanium-detector. The 
spectra were obtained between 80 and 3500 cm-1 
with a spectral resolution of 1 cm-1. 

 X-ray powder diffraction measurements 
were performed on a D8 Advance from Bruker AXS, 
equipped with a copper tube, two 2.5° Soller 
collimators, an anti-scatter screen, a flip-stick stage, 
and a silicon strip detector (LynxEye). The data was 
evaluated using Rietveld analysis based on the 
structure data reported by Bolton et al. [3]  

 Macroscope images were taken with a Leica 
DFC420 camera equipped with a Leica Z16APO 
objective. The images were processed via Leica 
QWin V3 software. 

 Particle diameters were determined with a 
Malvern Mastersizer 2000 version 5.60 with a 
heptane-lecithin mixture as a dispersion medium. 
The agitation speed was 2450 rpm. Prior to every 
measurement, injected samples were 
ultrasonicated for 2 minutes with 60 % intensity. 
1.69 was chosen as the refractive index and the 
absorption coefficient was selected individually to 
obtain the best results. Three measurements, each 
consisting of 10000 individual scans, were 
averaged. 

 HPLC measurements were performed with 
an Agilent 1100 equipped with binary pumps and a 
diode array detector detecting at 225 nm. A Kintex 

2.6 µm C18 100 Å 100x4.6 mm column with a 
Phenomenex precolumn was used with 
water:acetonitrile (1:1) as eluent at a flow rate of 
0.6 mL/min at a column temperature of 308 K. 
Analysis was carried out using a ChemStation for LC 
3D systems Rev. B.01.03. 

 Laboratory-scale experiments were 
agitated and temperature controlled using a Ditabis 
MKR 23 thermo block mixer equipped with a 
matching thermo block for the reaction vessels.  

2.2 Solubility Determination 

A moderate excess of HMX or CL-20 was placed in 
a 6 mL glass vessel. Depending on the expected 

solubility, between 0.5 g and 3 g solvent were 
added. The solution was agitated at 800 rpm and 
tempered via a Ditabis MKR 23 thermo block mixer 
equipped with a matching thermo block for the 
reaction vessels for 5 hours. The solid was 
sedimented and the clear solution removed by 
syringe. Directly afterwards the solution mass was 
determined. The solvent was removed under 
vacuum and the mass of the remaining solid was 
determined. 

2.3 Standard Washing Procedure 

The product solid phase of laboratory-scale 
crystallisation experiments was washed 
consecutively with three solutions with decreasing 
solubilities of CL-20 and HMX to avoid precipitation 
from the solution and excess dissolution of the 
solid. The typical washing procedure was 1 mL 
2-propanol:acetonitrile (8:2), 1 mL 
2-propanol:acetonitrile (9:1), and 5-10 times 1 mL 
2-propanol. 

2.4 Phase Solubility Diagram  

The phase diagrams were obtained via the static 
method. [16] For PC and DMC, excess CL-20 and 
HMX was agitated at 800 rpm and 333.15 K. 
Typically 1 g of solvent was used. All slurries were 
seeded with cocrystal after 5 h. After at least 5 d the 
solid was sedimented and an aliquot of the clear 
solution was removed by syringe and diluted with 
acetonitrile (ACN). The CL-20 and HMX 
concentrations were measured by HPLC. The solid 
phase was washed according to the standard 
washing procedure. The solid phase was 
characterised by Raman spectroscopy. 

 For ACN at 333.15 K and 293.15 K, and 
ACN:2-propanol (1:1) mixture, DMC and 
butane-2,3-dione at 333.15 K, excess CL-20 and 
cocrystal was agitated at 800 rpm and no additional 
seeding was carried out. Except for the substitution 
of HMX by cocrystal, the previously described 
procedure was applied. The altered procedure was 
intended to eliminate the need for additional 
seeding and, in the case of DMC and 
butane-2,3-dione, ensure that slow cocrystallisation 
rates did not hinder the equilibration.  

2.4 Seeding Procedures 

In self-seeded laboratory-scale experiments the 
supersaturated mixture was agitated at 800 rpm at 
333.15 K for 24 h before antisolvent was added. 
Over the 24 h period, large crystals (500-700 µm) 
formed because of the moderate supersaturation 
(1.2) and thus low nucleation rate. The large crystals 
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were rounded during the process due to the 
agitation. The fragments acted as seed crystals in 
the subsequent crystallisation. 

In externally seeded laboratory-scale experiments 
500 mg ACN (12.2 mmol) was added to 6.4 mg HMX 
(22 µmol) and 221.6 mg CL-20 (505.7 µmol) in a 
6 mL glass vessel. The solid was dissolved at 
343.15 K and 800 rpm for 10 minutes to ensure 
total dissolution of CL-20 and HMX. In preliminary 
experiments, it was found that overheating the 
crystallisation solution by 10 K increases the 
metastable zone width, so that without seeding no 
crystallisation occurs during antisolvent and cooling 
crystallisations. Subsequently, the solution was 
cooled to 293.15 K, 5.0 mg cocrystal was added and 
the dispersion agitated at 800 rpm for 10 minutes. 
By this method 90 % of the seed crystal mass was 
dissolved and the seed crystals gained a fresh 
surface with few defects. 60 µl of this suspension 
were swiftly transferred to the previously prepared 
reaction solution using a 20-200 µl VWR Collection 
Standard Line single channel mechanical air 
displacement micropipette. 

 In seeded RC experiments no HMX was 
used in the seed solution and accordingly more 
cocrystal was used. Furthermore, the reaction 
mixture was not heated to 343.15 K.  

2.5 Antisolvent Crystallisation 

3000 mg ACN (73.08 mmol) was added to 152 mg 
HMX (0.51 mmol) and 1472 mg CL-20 (3.36 mmol) 
in 20 mL glass vessels. The solid was dissolved at 
343.15 K and 800 rpm for 10 minutes. 
Subsequently, the solution was cooled to 333.15 K. 
The seed crystal suspension was added and the 
reaction vessels were air-tightly connected to the 
pump tube via teflon fittings. 2000 mg 2-propanol 
(33.27 mmol) was dispensed over the course of 
16.6 h using a Hirschmann ROTARUS VOLUME 50I 
metering pump equipped with a ROTARUS MKF 
12-8 12 channel pump head. During crystallisation 
the temperature was kept constant at 333.15 K and 
the vessels were agitated at 600 rpm. The solid 
phase was washed according to the standard 
washing procedure. Every experiment was carried 
out in parallel at least threefold. The solid phase 
was characterised by Raman spectroscopy. 

For internally seeded and unseeded 
crystallisation experiments in ACN no heating to 
343.15 K and no addition of seed crystal suspension 
was undertaken. 

 For crystallisation experiments in propylene 
carbonate the same procedure was applied as in 
unseeded crystallisation experiments in ACN, 

except that 3000 mg propylene carbonate 
(29.39 mmol), 123 mg HMX (0.42 mmol) and 
1276 mg CL-20 (2.91 mmol) were used. 

2.6 Cooling Crystallisation 

3000 mg ACN (73.08 mmol) was added to 152 mg 
HMX (0.51 mmol) and 1472 mg CL-20 (3.36 mmol) 
in a 20 mL glass vessel. The solid was dissolved at 
343.15 K and 800 rpm for 10 minutes. 
Subsequently, the solution was cooled to 333.15 K. 
The seed solution was added. During the 
crystallisation the temperature was decreased to 
293.15 K over the period of 5 to 30 h according to 
the temperature curves mentioned in chapter 3.2.2. 
The vessels were agitated at 800 rpm. The solid 
phase was washed according to the standard 
washing procedure. Every experiment was carried 
out in parallel at least threefold. The solid phase 
was characterised by Raman spectroscopy. 

 For cooling crystallisation with adapted 
solution composition, 119 mg HMX (0.40 mmol) 
and 1472 mg CL-20 (3.72 mg) was used. Linear 
cooling over the period of 16.6 h and natural cooling 
over the period of 25 h was applied. 

2.7 Batch Reaction Cocrystallization 

In intermediate-scale crystallisation experiments 
carried out in ACN at 293.15 K, ACN at 333.15 K and 
cyclohexanone at 333.15 K the excess of solid was 
chosen as 600 mg/mL of solution. This choice was 
made to ensure comparability between the 
solvents. The experiments were agitated using a 
CAT R60 overhead stirrer fitted with a 3 cm three-
blade propeller stirrer, and temperature controlled 
using a Lauda RC6 CP thermostat fitted to the 50 mL 
jacketed reaction vessel. For ACN at 293.15 K 
13.30 g ACN (324.0 mmol) was added to 2.172 g 
HMX (7.33 mmol) and 12.373 g CL-20 (28.24 mmol). 
For ACN at 333.15 K 13.30 g ACN (324.0 mmol) was 
added to 2.275 g HMX (7.68 mmol) and 14.577 g 
CL-20 (33.27 mmol). For cyclohexanone at 333.15 K 
14.50 g cyclohexanone (147.7 mmol) was added to 
2.148 g HMX (7.26 mmol) and 15.686 g CL-20 
(35.79 mmol). The reaction mixture was agitated at 
440 rpm. An aliquot of 400 µl of seed slurry 
prepared from 0.500 g cyclohexanone (5.09 mmol), 
0.0240 g cocrystal and 0.329 g CL-20 (0.75 mmol) 
was added to the cyclohexanone slurry after 3 h. 
After 2 h or 18 h for ACN at 293.15 K, 1 h for ACN at 
333.15 K and 18 h for cyclohexanone, the stirrer 
was removed and the slurry transferred into a 
Büchner funnel using a BRAUN omnifix 100 mL 
syringe without a cannula attached to avoid 
clogging. The mother liquor was removed and the 
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product crystals were washed with 10 mL 
2-propanol:ACN (8:2), 30 mL 2-propanol:ACN (9:1) 
and five times with 10 mL 2-propanol to ensure the 
total removal of the mother liquor. The product 
crystals were dried under vacuum and Raman 
spectra were collected to determine the purity. 

The pilot plant crystallisation was carried out in 
three consecutive batches. The mother liquor of the 
first batch was reused in the second as well as the 
third batch. With each filtration process to remove 
the product crystals mother liquor is lost. To 
compensate, with each batch the solid load was 
reduced by 10 g, and 1 g of ACN was added. For the 
first batch 80.0 g (1.95 mol) ACN was added to 
28.0 g HMX (94.5 mmol) and 112.0 g (255.6 mmol) 
CL-20 in a 250 mL jacketed flask with a rounded 
bottom. The slurry was agitated at 240 rpm for 2 h 
at 333.15 K via an overhead stirrer equipped with a 
paddle stirrer. The stirrer’s contour closely matches 
the inner wall contour of the jacketed vessel. After 
2 h the stirrer was removed and the slurry was 
transferred into a Büchner funnel using a BRAUN 
omnifix 100 mL syringe without a cannula attached 
to avoid clogging. After the removal of the mother 
liquor, the suction filter was moved to another 
vacuum side-arm flask, the mother liquor was 
transferred back into the reaction vessel, and the 
product crystals washed with 30 mL 1:1 
2-propanol:ACN, 30 mL 2-propanol:ACN (8:2), 
30 mL 2-propanol:ACN (9:1), 30 mL 2-propanol (two 
times) and 100 mL 2-propanol (once) to ensure the 
total removal of the mother liquor. The same 
procedure was applied for batch 2 and 3, but using 
22.5 g (76.0 mmol) HMX and 67.5 g (154 mmol) 
CL-20, and 20.0 g (67.5 mmol) HMX and 60.0 g 
(137 mmol) CL-20 respectively. The product crystals 
were dried under vacuum and Raman and XRD 
measurements were carried out to determine the 
purity. 

3 Results and Discussion  

3.1 Solvent Selection 
3.1.1 Solubility 

The solubilities of HMX and CL-20 play an 
important role in the selected crystallisation 
methods. The CL-20/HMX cocrystal is composed of 
two parts CL-20 per part HMX and the molecular 
mass of CL-20 is approximately 1.5 times the 
molecular mass of HMX. Hence, as a first approach 
to identify a suitable solvent for cocrystallisation, a 
solvent was sought which exhibits a three times 
better solubility of CL-20 than HMX, because it is 
reasonable to assume that a better solubility ratio 
corresponds to a more favourable cocrystal phase 

region in the ternary phase diagram. [17] Once a 
matching solvent is identified, the cocrystal phase 
region could be determined. Based on the available 
solubility data, [18] it was concluded that HMX is 
always far less soluble than CL-20, and exhibits a 
temperature-dependent solubility. Based on these 
findings, solubility screenings were conducted at 
293.15 K and 333.15 K. The upper temperature was 
chosen as a compromise between the better 
solubility values for HMX at higher temperatures, 
safety concerns and the limiting factor of boiling 
point. A detailed analysis of the gathered solubility 
data will be published elsewhere. For this work it 
suffices to state that CL-20 did not exhibit a 
significant temperature-dependent solubility. The 
best solubility ratios of CL-20 and HMX were 
therefore obtained at 333.15 K. The twelve solvents 
with the best solubility ratio at 333.15 K are listed in 
Table 1.  

 
Of these solvents ε-caprolactone was excluded 

from further studies due to its high solution 
viscosity. Formic acid and thiophene were 
neglected because of their low solubility.  

 

3.1.2 Cocrystal analysis  

Raman spectra were obtained from all 
crystallisation experiments. The product 
composition was determined via reconstruction of 
the recorded spectra with pure sample spectra of 
CL-20, HMX and cocrystal. Unless specifically 
indicated, all the following crystallisations yielded 
pure cocrystal.  

Table 1: Solubilities of CL-20 and HMX with solubility ratios in 
different solvents at 333.15 K 

 [HMX]  
(g/ g solvent) 

[CL-20]  
(g/ g solvent) 

Solubility 
ratio 

ACN 0.049 1.372 28 

β-butyrolactone 0.073 0.892 12 

butane-2,3-dione 0.006 0.068 11 

cyclohexanone 0.051 0.859 17 

dimethyl carbonate 0.006 0.044 7 

ε-caprolactone 0.137 0.9-1.4a 7-10 

formic acid 0.001 0.007 7 

γ-heptalactone 0.060 0.721 12 

γ-hexalactone 0.095 0.910 10 

propylene carbonate 0.092 0.841 9 

thiophene 0.001 0.004 4 

tetramethylurea 0.184 1.285 7 
a Extrapolated value from diluted solution, due to excessive 
viscosity. 
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3.1.3 Cocrystal Formation  

As the ternary phase diagram of HMX, CL-20 and 
solvent was unknown for all solvents, the solubility 
data of pure CL-20 and HMX (Table 1) for the 
solvents in question was used as the solution 
composition to determine the capability of the 
solvent to produce cocrystal. In unseeded 
experiments all solvents with the exception of 
dimethyl carbonate, butane-2,3-dione and 
tetramethylurea produced pure cocrystal within 
72 h. Dimethyl carbonate produced a mixture 
of 𝛽 HMX and 휀 CL-20, butane-2,3-dione produced 
𝛽 CL-20, and in tetramethylurea cocrystal 
formation as well as a partial decomposition of 
CL-20 took place, which led to a red discoloration of 
the solution and gas development. The 
decomposition is not unexpected due to the 
incompatibility of CL-20 and amines. [19] To 
eliminate the possibility that slow conversion into 
the cocrystal was the reason for the non-conversion 
in butane-2,3-dione and dimethyl carbonate, phase 
diagram determinations starting with excess 
cocrystal were carried out. Dimethyl carbonate and 
butane-2,3-dione again produced a respective 
mixture of 𝛽 HMX and 휀 CL-20, and of 𝛽 HMX, 
𝛽 CL-20, 휀 CL-20 and cocrystal after 72 h. Given 
these seemingly contradicting results for 
butane-2,3-dione, a mixture of excess HMX and 
excess CL-20 in butane-2,3-dione was agitated at 
333.15 K for 14 d. Here a mixture of 휀 CL-20 and 
cocrystal was obtained. These results might indicate 
a complex phase diagram and low conversion rates 
in this solvent, which are both undesirable 
attributes for the cocrystallisation. Due to their 
adverse properties butane-2,3-dione, dimethyl 
carbonate and tetramethylurea were eliminated 
from consideration for cocrystallisation and no 
further experiments were carried out with these 
solvents. 

3.1.4 Morphology 

In the preliminary tests three basic cocrystal 
morphologies were obtained (Figure 1). 
𝛽-butyrolactone, γ-heptalactone, γ-hexalactone 
and propylene carbonate produced elongated 
hexagonal plate-like crystals, cyclohexanone 
produced irregular capped parallelepipedic crystals, 
and ACN, butane-2,3-dione and tetramethylurea 
produced parallelepipedic crystals. Representative 
images of the cocrystals obtained for all tested 
solvents are found in the supporting information. 

The approximate width-to-height ratios derived 
from macroscopic images is summarised in Table 2. 
The longest distance between two parallel sides of 
the largest crystal face was chosen as the width. The 
ratio values are strongly dependent on the 
crystallisation condition [3] and are only used as a 
rough estimate to judge the merit of a solvent. 

The hexagonal elongated shape of the crystals 
produced in β-butyrolactone, γ-heptalactone, 
γ-hexalactone and propylene carbonate is 
undesirable. As the crystal habit can change with 
the crystallisation conditions, [20] propylene  

carbonate was chosen for further studies. Of the 
four solvents, it possesses the best solubility and 
width-to-height ratio. Thus, the only remaining 
solvents for consideration are ACN, cyclohexanone 
and propylene carbonate. 

Table 2: Width-to-height ratios of cocrystal obtained from 
different solvents 

 Width-to-height ratio 

ACN 2 

β-butyrolactone 8 

butane-2,3-dione 3 

cyclohexanone 2 

γ-heptalactone 8 

γ-hexalactone 8 

propylene carbonate 6 

tetramethylurea >10a 

a estimated value – as the plates were so thin, no side view 
was achievable. 

Figure 1: Morphology of cocrystals obtained from 
cyclohexanone (left); morphology of cocrystals obtained from 
ACN, butane-2,3-dione and tetramethylurea (centre) and 
morphology of cocrystals obtained from 𝛽-butyrolactone,  
γ-heptalactone, γ-hexalactone and propylene carbonate (right). 



104 

3.1.5 Transition Concentration 

Even though a phase diagram only represents 
equilibrium conditions, and crystallisation occurs 
under non-equilibrium conditions, the phase 
diagram is a powerful tool for finding optimal 
crystallisation conditions. The phase solubility 
diagram (PSD, Figure 2) describes the regions of 
thermodynamic stability of the cocrystal and the 
individual components. The transition points (TP1, 
TP2, Figure 2) [16], [21] are the boundaries of the 
cocrystal phase region at which the solution, the 
solid cocrystal and one solid individual component 
are in thermodynamic equilibrium. The 
concentrations in Figure 2 are expressed in terms of 
moles of CL-20 or HMX per gram solvent. The 
diagonal dashed line therefore indicates the 
stoichiometric composition of the cocrystal. 
Figure 2 illustrates the case where the cocrystal has 
a higher solubility than HMX in pure solvent. Ideally 
the cocrystal should be less soluble than the 
reactants, because the cocrystal is only the 
thermodynamically favoured crystallisation product 
within the cocrystal phase region. In that case the 
cocrystal can be formed from solution of a 2:1 
CL-20:HMX stoichiometric composition and no 
excess of one of the two is required. Where the 
cocrystal is more soluble than one of the 
components a TP as close as possible to the 
stoichiometric composition of the cocrystal is 
preferred, as that minimises the excess of one of the 
components needed to reach the cocrystal phase 
region.  

In ACN, cyclohexanone and propylene carbonate 
the cocrystal is more soluble than HMX. Hence the 
TP1 serves as an indicator for the quality of the 
solvent. The TP1 values for the three solvents and 
the corresponding solubility ratios are summarised 
in Table 3.  

The TP1 solubility ratios do not correlate well with 
the solubility ratios presented in Table 1. In 
cyclohexanone and propylene carbonate the HMX 
solubility decreases with increasing CL-20, while in 
ACN the HMX solubility increases. It is apparent that 
besides the solubility of the pure cocrystal 
components, their interaction in solution plays an 
important role in determining the position of the 
cocrystal phase region. The solubility data of the 
pure cocrystal components can therefore only act 
as a rough tool for judging the merit of a solvent. 
The implications of these TP1 values for the 
applicability of the solvents in the different 
crystallisation methods need to be individually 
addressed, due to the fundamental differences in 
the crystallisation techniques.  

In antisolvent and cooling crystallisation the 
supersaturation is generated by the transition from 
a cocrystal phase region of higher solubility to a 
cocrystal phase region of lower solubility, either by 
adding an antisolvent or by cooling. For maximal 
efficiency of the process a large difference in 
solubility between the two phase regions is 
required. As the solubility of the cocrystal is higher 
than the solubility of HMX in all three solvents, the 
maximum possible yield of cocrystal per gram 
solvent is determined by the TP1 HMX solubility. In 
Table 4 the theoretical maximum yield of cocrystal 
for the three solvents for cooling and antisolvent 
crystallisation is summarised under the 
simplification that the final HMX solubility in any 
case is zero (arrow A in Figure 2). Additionally, the 
corresponding CL-20 efficiencies are presented in 
Table 4, i.e. the ratio of CL-20 found in the cocrystal 
divided by the CL-20 needed to reach TP1. 

Given that the cocrystal yields and the CL-20 
efficiencies are hypothetical limit values that in 
practice cannot be achieved [22], cyclohexanone is 
deemed unfit for antisolvent and cooling 
crystallisation, due to the low CL-20 efficiency. At 
best for every gram of CL-20 found in the cocrystal 
more than ten grams of CL-20 remain in solution.  

In batch RC excess CL-20 and HMX is used. In a 
very simplified manner the crystallisation process 
follows the double arrow B in Figure 2. The excess 
reactants are constantly dissolved while the 
cocrystal crystallises. The cocrystal yield is therefore 

Table 3: Solution concentrations with solubility ratio of CL-20 
and HMX at TP1 in different solvents at 333.15 K 

 TP1 Solubility 
ratio   [HMX]  

(g/gsolvent) 
[CL-20]  
(g/gsolvent) 

at TP1 

ACN 0.054 0.424 8 

cyclohexanone 0.015 0.605 40 

propylene 
carbonate 

0.060 0.374 6  

[CL-20] 

[H
M

X
] 

TP1 

TP2 

1:2 

Cocr+L 

CL-20+L 

HMX+L 

A 

B 

Figure 2: Schematic phase solubility diagram for a system 
where the cocrystal is more soluble than HMX.  
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not directly dependent on the cocrystal solubility 
curve, but on the excess of reactant. In Table 5 
cocrystal yields and CL-20 efficiencies for an excess 
of 0.5 g and 1 g reactant mixture per g solvent are 
presented for the three solvents. 

The CL-20 efficiency values in Table 5 clearly 
indicate that for RC the position of TP1 and the 
corresponding solubility ratio are of less importance 
compared with antisolvent and cooling 
crystallisation. In addition, higher cocrystal yields 
and CL-20 efficiencies are achievable.  

 For evaporation crystallisation both TP1 
and TP2 are of relevance, because in all tested 
solvents the cocrystal is more soluble than HMX. 
During evaporation and the resulting crystallisation 
of cocrystal, the solution concentration of CL-20 
therefore increases. The endpoint of the 
evaporation crystallisation is therefore determined 
by TP2. Due to its superior solvent properties TP2 
was only determined for ACN. The theoretical 
cocrystal yield and CL-20 efficiency are 0.22 g 
cocrystal per g ACN and 38 % respectively. 

The phase diagrams for ACN, ACN/2-propanol, 
propylene carbonate and propylene 
carbonate/2-propanol are provided in the 
supporting information. 

3.2 Crystallisation Experiments 
3.2.1 Antisolvent Crystallisation 

Antisolvent experiments were carried out in ACN 
at 333.15 K with 2-propanol as antisolvent. To 
ensure that the solution composition does not exit 
the cocrystal phase region it is beneficial to 
determine the PSD for the starting and end solvent 
mixture. The PSD for CL-20 and HMX in ACN and 
ACN/2-propanol (1:1 mass ratio) and the solution 
compositions during the crystallisation are 
presented in Figure 3. The solution composition 
trajectory in antisolvent crystallisation differs from 
the trajectory in cooling crystallisation because over 
the course of the antisolvent crystallisation 
experiment the solution volume increases, which 
consequently also changes the concentration of 
CL-20 and HMX. Figure 3 shows that for this 
2-propanol fraction the final solution composition 
would be close to TP2 and CL-20 might crystallise. A 
ratio of 3:2 ACN to 2-propanol was therefore chosen 
as the final solvent composition.  

Following this procedure, the cocrystal yield 
achieved is 0.166 g cocrystal per g ACN and the 
CL-20 efficiency is 25 %. Cocrystals with a width-to-
height ratio between 2 and 1.2 were obtained. The 
width-to-height ratio did not exhibit a correlation to 
the controlled crystallisation parameters. Three 
seeding strategies were explored: no seeding, 
self-seeding and the addition of seed crystals. 
Macroscopic images of three representative crystal 
batches are shown in Figures 4-6.  

In unseeded crystallisation experiments 
conducted in parallel, in some reaction mixtures 
randomly malformed cocrystals occurred 
(Figure 4, right). Furthermore, no reproducible 
crystal sizes were obtained. 

The self-seeding experiments reveal that within 
the metastable region slow nucleation of the 
cocrystal occurs. This procedure produced high-
quality cocrystals; however, it is inefficient in 
producing cocrystals with a defined crystal size 
distribution. On the one hand, the initial 
supersaturation is used up to produce unusably 
large crystals in the range of 700 µm, which reduces 

Table 5: Cocrystal yields and CL-20 efficiencies for RC at 
333.15 K in different solvents and different solid excess 

 cocrystal yield 
(gcocrystal/gsolvent) 

CL-20 efficiency  
(%) 

 xs 0.5g/g xs 1g/g xs 0.5g/g xs 1g/g 

ACN 0.5 1 63 85 

cyclohexanone 0.5 1 51 74 

propylene 
carbonate 

0.5 1 67 89 

Table 4: Theoretical maximum cocrystal yields and CL-20 
efficiencies for cooling and antisolvent crystallisation at 
333.15 K in different solvents 
 cocrystal yield  

(gcocrystal/gsolvent) 
CL-20 efficiency  
(%) 

ACN 0.22 38 

cyclohexanone 0.06 
 

7 

propylene 
carbonate 

0.24 
 

48 
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Figure 3: The arrow visualises the crystallisation path in 
the PSD for antisolvent crystallisations in ACN at 333.15 K. 
X indicates the starting solution composition. 
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the cocrystal yield by 36 mg/g, and on the other 

hand, due to the random nature of nucleation and 
the following abrasion, the number of seed crystals 
and therefore the final size distribution of the 
cocrystal cannot be controlled.  

To control the final crystal size, external seeding 
was applied. To reduce crystal defects on the 
surface and the amount of internal defects of the 
seed crystals, the seed crystals were about 90 % 
dissolved prior to use. This serves the additional 
purpose of reducing the fines among the seed 
crystals and effectively narrowing down the seed 
crystal size distribution. Assuming that the seeds 
have a uniform size, that no nucleation and 
breakage occurs, and that all material crystallises on 
the seed crystals, the required seed crystal mass 
mseed can be calculated using the seed crystal size 
lseed the desired final crystal size lfinal and the 
cocrystal yield mfinal [23]: 

𝑚seed = 𝑚final ∙ (𝑙seed 𝑙final⁄ )3 
Under experimental conditions this equation can 

only function as a guideline and the appropriate 
seed crystal mass has to be determined 
experimentally. For the laboratory-scale 

experiments it was found that 25% of the calculated 
seed crystal mass was needed to obtain an lfinal of 
around 200 µm using seed crystals with 
dm = 33.2 µm.  

Unseeded antisolvent crystallisation was also 
carried out with propylene carbonate as solvent in 
order to determine whether, under more controlled 
conditions, more compact crystals can be produced. 
However, no improvement was achieved compared 
to the initially obtained value (Table 2). No further 
experiments were carried out with propylene 
carbonate. 

3.2.2 Cooling Crystallisation 

Externally seeded cooling crystallisations were 
carried out in ACN from 333.15 K to 293.15 K. It was 
found that crystallisations with the same solution 
composition as the antisolvent crystallisations only 
produced pure cocrystal in about 50 % of the 
batches. Of six cooling crystallisations conducted in 
parallel, two to four typically produced fluctuating 
amounts of HMX and cocrystal, while the others 
produced pure cocrystal. It is reasonable to assume 
that the close vicinity of the solution composition to 
the HMX phase region during the crystallisation 
facilitated the HMX crystallisation. This is supported 
by the finding that in one PSD experiment of ACN at 
333.15 K multiple solutions with a solution 
composition in the cocrystal phase region near the 
boundary to the HMX phase region exhibited non-
equilibrium conditions after 5 days, which indicates 
that initially all cocrystal was dissolved and HMX 
recrystallised. To prevent HMX impurities the 
solution composition was adapted to proceed 
further in the middle of the phase region (Figure 7).  

Linear cooling from 333.15 K to 293.15 K within 
16.6 h resulted in an average cocrystal yield of 
34 mg/g which is only 34 % of the expected yield of 

Figure 6: Cocrystal formed in externally-seeded antisolvent 
crystallisation in ACN at 333 K. 

Figure 4: Cocrystal obtained from unseeded antisolvent 
crystallisation in ACN at 333.15 K 

 

Figure 5: Coarse cocrystal formed over 24 h with finer 
cocrystals formed during the self-seeded antisolvent 
crystallisation in ACN at 333.15 K (left). Cocrystals formed 
during the self-seeded antisolvent crystallisation in ACN at 
333.15 K (right). 
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Figure 7: Arrows visualise the crystallisation path in the PSD for 
cooling crystallisations in ACN from 333.15 K to 293.15 K. x 
indicates the starting solution compositions. 
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101 mg/g. This indicates that under similar 
conditions as the antisolvent crystallisation, cooling 
crystallisation exhibits lower conversion rates. Total 
crystallisation was achieved with a cooling rate 
resembling natural cooling within 25 h. Cocrystals 
with a width-to-height ratio of 1 were obtained. 

3.2.3 Batch Reaction Cocrystallization 

Batch RC in an intermediate scale was carried out 
at 333.15 K with ACN and cyclohexanone. Total 
conversion occurred in ACN within 1 h. 
Cyclohexanone, however, required the addition of 
seed crystals, because after 3 h no conversion 
occurred. Total conversion was achieved within 
18 h. This indicates that the total solubility of CL-20 
and HMX in cyclohexanone is insufficient to create 
a nucleation shower, whereas in ACN fast 
nucleation occurs. 333.15 K was chosen for cooling 
and antisolvent crystallisation to maximise the 
cocrystal yield and CL-20 efficiency. For RC, 
however, the solubility is of lesser importance. 
Thus, 293.15 K might also be a viable temperature 
for RC. Due to excessive viscosity no RC at 293.15 K 
was carried out in cyclohexanone. In ACN, of two 
identical reaction mixtures, one produced pure 
irregularly shaped cocrystal within 2 h, whereas the 
other was interrupted after 18 h, at which point the 
solid was composed of a mixture of 휀 CL-20, 
𝛽 CL-20, 𝛼 CL-20 and 𝛽 HMX. Intermittently 
gathered samples indicate that at 10 min and 5.5 h 
reaction time small amounts of cocrystal were 
formed, however no cocrystal was present in the 
samples between 10 min and 5 h. To reduce the 
number of factors that might contribute to this 
discrepancy, laboratory-scale seeded and unseeded 
RC were carried out in parallel. Of the five seeded 
reaction mixtures, two were incompletely 
transformed, whereas all four unseeded reaction 
mixtures were incompletely transformed after 24 h. 
After 48 h, all seeded and none of the unseeded 
reaction mixtures were completely transformed. It 
is likely that the low conversion rate and the 
appearing and disappearing of cocrystal at 293.15 K 
in ACN is the result of a lower energy benefit of 
crystallising cocrystal compared to crystallising 
CL-20 and HMX at 293.15 K compared to 333.15 K 
and a therefore more labile cocrystal phase region.  

As can be seen in Figure 8 (left) and 
Figure 9 (right), good crystal quality is obtained in 
both seeded experiments. However, both dm with 
39 µm and 45 µm for the cyclohexanone and ACN 
experiment are far smaller than the seeding should 
account for. This shows that mseed must be adjusted 
specifically to the reaction condition, since after 

long reaction times nucleation and attrition have 

likely occurred in these experiments. More defects 
are visible in the cocrystals obtained from 
intermediate-scale batch RC in ACN at 333.15 K 
which might be caused by the much higher 
crystallisation rate. The obtained dm was 83 µm. The 
width-to-height ratios for batch RC in ACN at 
333.15 K, 293.15 K laboratory-scale and 
cyclohexanone are 1.4, 1.2 and 2.2 respectively.  

Based on the varying results for batch RC in ACN 
at 293.15 K and the higher width-to-height ratio in 
cyclohexanone, ACN at 333.15 K was chosen as the 
best condition to produce fine cocrystal. A batch RC 
scale up in ACN at 333.15 K was undertaken. By 
directly recycling the reaction solution after 
solid-liquid-separation, 253 g cocrystal with a 
combined dm of 33 µm [24] and width-to-height 
ratio of 2.7 was produced in three consecutive 
batches with a CL-20 efficiency of 79 %. The 
difference in particle diameter and width-to-height 
ratio compared to the previous experiment shows 
that the size and morphology of the obtained 
crystals seems to be significantly dependent on the 
crystallisation conditions.  

3.2.4 Evaporation Crystallisation 

No evaporation crystallisation was carried out, 
because no higher CL-20 efficiency and crystal 
quality is to be expected compared to antisolvent 
crystallisation. Unlike in antisolvent and cooling 
crystallisation the theoretical values for cocrystal 
yield and CL-20 efficiency can be achieved. This, 
however, requires the crystallisation to start at TP1 

Figure 8: Cocrystals formed in intermediate-scale seeded 
batch RC in cyclohexanone at 333.15 K (left) and cocrystals 
formed in intermediate-scale batch RC in ACN at 333.15 K 
(right). 

Figure 9: Cocrystals formed in intermediate-scale batch RC in 
ACN at 293.15 K (left). Cocrystals formed in laboratory-scale 
batch RC in ACN at 293.15 K (right). 
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and end at TP2. In the beginning phase as well as 
the final phase of the crystallisation, the solution 
composition is very close to the phase boundaries, 
which can facilitate the crystallisation of HMX and 
CL-20. A more robust evaporation crystallisation in 
ACN, starting at the same solution composition as 
the antisolvent crystallisations and ending at the 
solution composition of 0.90 g CL-20 per g ACN and 
0.01 g HMX per g ACN would yield 0.19 g cocrystal 
per g ACN and a CL-20 efficiency of 26 % which is 
insignificantly better than the values achieved for 
antisolvent crystallisation. 

4 Conclusion 

It was found that the solubility ratio of the 
individual cocrystal components serves as a basic 
tool for roughly judging the achievable cocrystal 
yield; however, the position of TP1 cannot be 
predicted based solely on the solubility data for the 
pure substances. Furthermore, most tested 
solvents produced cocrystals of undesirable 
morphology. 

In summary, ACN remains the only utilisable 
solvent of those tested that produces compact 
CL-20/HMX cocrystal, even though the solubility 
ratio at TP1 is far from ideal. As a consequence, 
while antisolvent and cooling crystallisation are 
capable of producing high-quality cocrystal, they 
suffer from an insufficient CL-20 efficiency and, in 
the case of antisolvent crystallisation, additionally 
from a difficult recycling of the non-crystallised 
explosive. Batch RC exhibits good CL-20 efficiency, 
but at temperatures of 333.15 K batch RC gives no 
control over the product crystal size, and at 
293.15 K batch RC leads to varying crystallisation.  

Thus, none of the tested crystallisation methods 
fulfils all of the proposed specifications (Table 6). 
However, one possible approach to meet the 
specifications might be to find an intermediate 
temperature between 293.15 K and 333.15 K for 
batch RC, where nucleation and crystal growth rate 
are still low but the cocrystal is thermodynamically 
more favoured and therefore more reliably formed. 
Another solution might be semi-batch reaction 
crystallisation, where HMX and CL-20 are dosed into 
the reaction mixture as the crystallisation 

progresses, thereby keeping the supersaturation on 
a low level, preventing nucleation and reducing the 
crystal growth rate. In the course of these 
experiments the factors influencing the fluctuating 
width-to-height ratios must also be uncovered. 
Although the specifications have not yet been met, 
pure cocrystal with moderate crystal quality and a 
dm applicable in PBX can be obtained by batch RC in 
a reasonable scale. Valuable data can be collected 
by using this material in PBX test charges. 
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Figure 1: Cocrystal obtained from ACN. Figure 2: Cocrystal obtained from butane-2,3-dion. 

Figure 3: Cocrystal (marked by red circles) obtained from 
tetramethylurea among other crystals. 

Figure 4: Cocrystal obtained from 𝜷-butyrolactone. 
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Figure 5: Cocrystal obtained from 𝜸-heptalactone. 

Figure 7: Cocrystal obtained from propylene carbonate. Figure 8: Cocrystal obtained from cyclohexanone. 

Figure 6: Cocrystal obtained from 𝜸-hexalactone. 
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Supplementary phase solubility diagrams and corresponding solubility data points 
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Figure 11: Determined PSD for ACN at 333.15 K. 
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Figure 10: Determined PSD for propylene 
carbonate/2-propanol 1:1 at 333.15 K. 
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Figure 9: Partially determined PSD for propylene carbonate 
at 333.15 K. 

Table 1:Determined PSD-data of propylene carbonate at 
333.15 K 

[CL-20] (g/g) [HMX] (g/g) phase region 

0.111 0.081 HMX 
0.206 0.072 HMX 
0.310 0.064 HMX 
0.365 0.059 TP1 cocrystal 
0.374 0.060 cocrystal 
0.392 0.051 cocrystal 
0.401 0.046 cocrystal 
0.402 0.053 cocrystal 
0.421 0.041 cocrystal 
0.477 0.029 cocrystal 

 

Table 2: Determined PSD-data of propylene 
carbonate/2-propanol 1:1 at 333.15 K 

[CL-20] (g/g) [HMX] (g/g) phase region 

0.107 0.021 HMX 
0.137 0.021 HMX 
0.167 0.021 TP1 cocrystal 
0.171 0.021 cocrystal 
0.204 0.015 cocrystal 
0.219 0.011 Cocrystal 
0.223 0.012 TP2 cocrystal 
0.228 0.006 CL-20 

 
 

Table 3: Determined PSD-data of ACN at 333.15 K 

[CL-20] (g/g) [HMX] (g/g) phase region 

0.000 0.051 HMX 
0.269 0.054 HMX 
0.338 0.054 HMX 
0.429 0.056 TP1 cocrystal 
0.449 0.051 cocrystal 
0.453 0.051 cocrystal 
0.474 0.043 cocrystal 
0.528 0.034 cocrystal 
0.646 0.021 cocrystal 
0.673 0.020 cocrystal 
0.810 0.013 cocrystal 
1.045 0.006 TP2 cocrystal 
1.372 0 CL20 
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Table 5: Determined PSD-data of ACN at 293.15 K 

[CL-20] (g/g) [HMX] (g/g) phase region 

0.102 0.016 HMX 
0.368 0.019 HMX 
0.389 0.020 HMX 
0.398 0.020 TP1 cocrystal 
0.400 0.018 cocrystal 
0.450 0.015 cocrystal 
0.535 0.011 cocrystal 

 

0.000

0.005

0.010

0.015

0.020

0.000 0.100 0.200 0.300

[H
M

X
] 

(g
/g

s
o

lv
e

n
t)

[CL-20] (g/gsolvent)

Figure 12: Partially determined PSD for ACN/2-propanol 
1:1 at 333.15 K. 
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Figure 13: Partially determined PSD of ACN at 293.15K. 

Table 4: Determined PSD-data of ACN/2-propanol 1:1 at 
333.15 K 

[CL-20] (g/g) [HMX] (g/g) phase region 

0.000 0.012 HMX 
0.080 0.019 HMX 
0.129 0.010 TP1 cocrystal 
0.166 0.008 cocrystal 
0.195 0.006 cocrystal 
0.245 0.007 cocrystal 
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Pilot-plant-scale batch RC size distributions 

 
  

Figure 14: Laser diffraction analysis of the first pilot-plant RC batch. 
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Figure 15: Laser diffraction analysis of the second pilot-plant RC batch. 
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Figure16: Laser diffraction analysis of the third pilot-plant RC batch.  
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7.2 Semibatch Reaction Crystallization for Scaled-Up Production of High-
Quality CL-20/HMX Cocrystal: Efficient Because of Solid-Dosing 
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ABSTRACT: CL-20/HMX cocrystal is one of the most promising energetic cocrystals, but scaled-up production 
was prevented by the large inherent solubility difference of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) and 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane (HMX) and, therefore, unacceptable 
CL-20 efficiency. Reaction cocrystallization (aka. Reaction crystallization or slurry technique) has been 
extensively used as an efficient, straightforward cocrystallization screening method, but only few attempts at 
utilizing this method for scaled-up cocrystal production have been undertaken and none have realized its full 
potential. By utilizing solid-dosing and process analytical technology, semibatch reaction cocrystallization (SBRC) 
provided the first scale up of high-quality CL-20/HMX cocrystal with a particle diameter D(4,3) of 163 μm and a 
batch size of 100 g. The CL-20 recovery is 63%, which is over two times better than the theoretical recovery rate 
of the next best method (evaporation crystallization), and the crystal quality is comparable to crystals obtained 
from controlled antisolvent crystallization. It is shown that SBRC is a valuable crystallization technique for 
efficient scale up of cocrystal systems whose coformers exhibit significantly different solubilities. 

 

Introduction 

Cocrystallisation has seen increasing interest 
recently, mostly because of its ability to modify 
characteristics of the coformers, such as their 
bioavailability,1 permeability,2 hygroscopy,3 
stability,4,5 or sensitivity,6,7 without the need for 
molecular change to the coformers. This resonated 
most strongly with the pharmacological sector, as 
evidenced by the over 150 review papers published 
on active pharmaceutical ingredient (API) cocrystals 
over the past decade. Cocrystallisation has also had 
a significant impact on the field of molecular 
electronics8–11 and energetic materials.12–15 The 2:1 
CL-20/HMX cocrystal, discovered by Bolton et al.,6 is 
one of the most promising energetic cocrystals. It is 
reported to possess comparable impact sensitivity 
to HMX and to exceed HMX in terms of detonation 
velocity because of the better detonation 
properties of its rather sensitive6,16,17 coformer 
CL-20. This cocrystal is a promising candidate for 
succeeding HMX as the state-of-the-art high 
explosive. 

Multiple techniques for producing the cocrystal 
are presented in the literature: antisolvent 
crystallisation,18–20 cooling crystallisation,19 spray 
flash evaporation,21,22 spray drying,23 solvent 
evaporation,6,24,25 ultrasonic spray-assisted 
electrostatic adsorption,26 liquid-assisted 
grinding,6,18,27 and solution-mediated phase 
transformation.19,24 To test the cocrystal in highly 
filled polymer-bonded explosive charges, a bimodal 
size distribution of typically about 20 and 200 µm is 
required. A crystallisation method is, therefore, 
needed that can be scaled-up at least to the 100 g 

                                                           
b The differentiation between the slurry technique and reaction 
crystallisation seems artificial because both methods operate 
strictly within the boundraries of the cocrystal phase region in 
the ternary phase diagram, and supersaturation of the cocrystal 
is reached by adding either one29,33 or both31,32 cocrystal 
coformers in a solid form to the solution. From a chemical 

range and can efficiently produce compact crystals 
of about 200 µm. 

Spray drying is considered one of the most 
desirable methods for the scaled-up production of 
cocrystals because it is a fast, continuous, one-step 
process28,29 and easy to scale up.30 

Cocrystallisation methods that utilise 
solution-mediated phase transformation such as 
the slurry technique31,32 and batch reaction 
crystallisation29,33 (also called reaction 
cocrystallization by Rodríguez-Hornedo et at.29) 
have become the most applied cocrystal screening 
methods34 and are capable of fast and efficient 
CL-20/HMX cocrystal production in the 
100 g-range.19,24, b 

While both spray drying and batch reaction 
cocrystallization can be efficient and easily scalable 
methods, they are incapable of producing crystals 
of the desired size and quality. The high initial 
supersaturation, high nucleation rate, and rapid 
crystal growth lead to small crystals of poor quality 
in batch RC,19 and the even faster solidification 
during spray drying facilitates the formation of 
defects and amorphous states.28 The crystal quality 
is of importance not only in pharmaceutical 
applications35–37 and molecular electronics,8,9 but 
also in the field of energetic crystals because the 
sensitivity to impact and shock is directly linked to 
the void fraction and void size of the crystals.38–43 
Coarse crystals of acceptable quality have only been 
obtained by controlled cooling or antisolvent 
crystallisation,19 but evaporation crystallisation 
should also be capable of producing high-quality 
cocrystals. All of these crystallisation techniques 
suffer from their dependence on the size and 
position of the cocrystal phase region and the 

standpoint, both methods classify as “reaction 
cocrystallisation”. Therefore, in this work, the expression 
“reaction cocrystallization” coined by Rodríguez-Hornedo et at. 
will be used to describe crystallisation experiments where one 
or more cocrystal coformer are added to a solution saturated 
with respect to the cocrystal. 
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maximum cocrystal yield that can be produced by 
cooling, antisolvent addition, or solvent 
evaporation, respectively. The highest CL-20 
efficiency (mass of CL-20 found in the cocrystal 
divided by the total initially dissolved CL-20) that 
can, therefore, be achieved is 26% for evaporation 
crystallisation in the only applicable solvent: 
acetonitrile (ACN).19 A different crystallisation 
method was, hence, required that combines the 
high efficiency of batch RC with the supersaturation 
control of solution based methods such as cooling, 
antisolvent, or evaporation crystallisation. This is 
achievable by SBRC, where the coformers are added 
to the solution in a controlled fashion to manage 
the supersaturation. Despite its obvious benefits, 
SBRC seems to be a very obscure technique, as only 
few studies on the formation of cocrystals in this 
fashion have been published. SBRC in its most literal 
sense has been carried out by Chen et al.44 Here the 
cocrystallisation was induced by partially 
neutralising sodium benzoate with HCl. The 
obtained benzoic acid then cocrystallised with the 
remaining sodium benzoate. Nishimaru, Kudo, and 
Takiyama have cocrystallised carbamazepine and 
saccharin by mixing two different eutectic solutions 
to generate supersaturation of the cocrystal.45,46 A 
similar strategy was employed by Powell et al. for 
cocrystallising p-toluenesulfonamide with 
triphenylphosphine oxide47 and urea-barbituric 
acid.48 Because of the addition of the coformers in 
dissolved form, this strategy would not be efficient 
for many cocrystal systems. For the CL-20/HMX 
cocrystal, only a CL-20 efficiency of 6% could be 
achieved. Higher efficiencies can only be obtained if 
the coformers are added in undissolved form. In this 
study, we describe the prerequisites for a successful 
solid-dosing SBRC and the application of process 
analytical technology (PAT)49,50 to improve process 
efficiency and product quality. The obtained 
product is compared to crystals obtained from 
batch RC and antisolvent crystallisation to assess 
the achieved level of crystal quality. 

The phase solubility diagram (PSD) of a cocrystal 
is an essential tool for the development of SBRC 
experiments, as it shows the equilibrium solubilities 
of its solid phases as a function of solution 
concentration of the coformers.33 The PSD of the 
CL-20/HMX cocrystal in ACN at 333.15 K is displayed 
in Figure 1. There are multiple phase regions 
present in the PSD, of which only the regions 
marked A and B in Figure 1 are relevant for SBRC. In 
region A, CL-20, HMX, and the cocrystal are 
undersaturated, no solid phase can form, and the 
added CL-20, HMX, or cocrystal is dissolved. In 
region B, the solution is undersaturated with 
respect to CL-20 and HMX, but supersaturated with 

respect to the cocrystal. Here the cocrystal is the 
only solid phase that is thermodynamically stable. 
For each SBRC, the solution concentration was 
adjusted to lie within region A close to the cocrystal 
solubility curve before the seed crystal addition to 
ensure partial dissolution of the seed crystals. On 
the addition of the seed crystals, a concentration on 
the cocrystal solubility curve is reached. A typical 
concentration progression of an SBRC is displayed in 
Figure 1. After the addition of CL-20 and HMX, the 
concentrations increase until the HMX solubility 
limit, which also extends into the cocrystal phase 
region, is reached. If, from this point on, more CL-20 
and HMX mixture is added to the solution than is 

deposited on the growing cocrystals, the 

Figure 2. Visualisation of the [cocrystal] and T progression 
during SBRC (green arrows) and cooling crystallization (teal 
arrows). The black line represents the cocrystal’s solubility 
curve, and the orange line represents the meta stable zone 
limit. 

Figure 1. PSD of the CL-20/HMX cocrystal in ACN at 333 K. The 
straight line represents the HMX solubility curve. The cocrystal 
solubility curve is displayed in orange. TP1 is the transition 
point of the phase regions at which the cocrystal and solid HMX 
are in equilibrium. Green diamonds are solubility 
measurement points, blue crosses are the infrared (IR) 
calibration points, and turquoise diamonds are concentrations 
of SBRC2. 
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concentration will move along the black dashed line 
to higher [CL-20] and slightly higher [HMX]. During 
SBRC, the solution concentration can only be 
located within region B because no CL-20 or HMX 
supersaturation can be generated.  

In SBRC, solid-dosing generates supersaturation in 
a similar fashion to cooling, antisolvent dosing, or 
solvent evaporation in the respective crystallisation 
experiment. This is visualised in Figure 2, where a 
simplified temperature-dependent solubility 
diagram of a cocrystal is displayed. During SBRC, 
solid-dosing increases [cocrystal] along the green 
vertical line between A and C. In the presence of 
seed crystals and as long as the metastable zone 
limit is not exceeded, the seed crystals will grow and 
the supersaturation will be reduced along the line 
between C and A. Depending on the dosing rate and 
the crystallisation rate, an equilibrium 
supersaturation is reached. If the dosing rate is 
perfectly matched with the crystallisation rate, a 
steady state will be reached and [cocrystal] will be 
stationary. If the dosing rate is increased in discrete 
steps, [cocrystal] will oscillate between C and B. This 
is caused by the mismatch between the 
continuously increasing crystallisation rate and the 
stepwise increasing dosing rate. For a cocrystal of 
congruently soluble coformers, an evaporation 
crystallisation follows the same trajectory as a 
solid-dosing SBRC because in evaporation 
crystallisation experiments, supersaturation is 
generated by removing solvent, which increases 
[cocrystal]. In comparison, supersaturation is 
generated during cooling crystallisation by 
reduction of the solution temperature. In the 
presence of seed crystals, crystals will grow with 
decreasing temperature, and [cocrystal] follows the 
trajectory of the arrows between A and D.  

The LAMBDA Instruments GmbH DOSER 0.2L 
utilised in this study was chosen because a stepwise 
dosing program of varying dosing rates and dosing 
times can be implemented or a dosing rate can be 
set via external communication by either an 
analogue or digital signal. Furthermore, it is capable 
of low dosing rates, can be flushed by pressurised 
gas to prevent solid agglomeration, and exhibits a 
slim form factor that is important because of the 
limited space between the ground glass joints of the 
250 mL jacketed vessel. It dispenses the solid by 
rotating a shaft connected to a cone-shaped 
polymer cap that exhibits a spiral pattern on the 
bottom. On rotation, the solid is pushed through an 
opening in the bottom of the dispenser. The dosing 
is heavily influenced by the free-flowing capability 
of the solid. Three solids were utilized for dosing: 
CL-20 (150 µm), fine HMX (5 µm), and coarse HMX 

(300 µm). Only by mixing the utilised HMX coarse to 
fine at 5:1, reproducible dispensing was achieved. If 
only fine HXM was used, cavities could form in the 
solid or the dispensing rate could vary by more than 
factor 10 within an experiment. If only coarse HMX 
was used, the solid mixture could trickle through 
the doser until the hopper was empty even without 
shaft rotation because of its superior free-flowing 
capability. 

Materials and Methods 

Raw Material. The determined chemical purities 
and commercial sources of the CL-20 and HMX 
batches are summarised in Table 1. ACN (HPLC 
grade) was purchased from Carl Roth GmbH, stored 

over 3Å molecular sieve, and used as received. 

In situ ATR-FTIR spectroscopy. Calibration was 
carried out in 1.5 mL glass vessels. The solid mixture 
and ACN were weighed, utilising a Kern 770 
analytical balance (accuracy 0.1 mg). A strong 
neodymium magnetic stir bar was inserted to 
ensure fast dissolution of the solid to prevent 
regions of high supersaturation. Directly after the 
weighing of ACN, the vessel was sealed to the ATR 
probe via o-ring and the vessel was placed in a 
333.15 K tempered oil bath that was temperature-
controlled via a PT100 temperature probe 
connected to a heidolph MR Hei-End magnetic 
stirrer. Care was taken to ensure that no air bubbles 
surrounded the ATR probe head during 
measurements. A series of typically 20 
measurements at a resolution of 1 cm-1 were 
undertaken. The wavenumber region was 0-
4000 cm-1. Typically, only the last 10 measurements 
were used for the calibration. For each 
measurement, 20 scans were accumulated. During 
measurements and between measurements, the 
probe head and the optical fibre were not moved. 
Before each series of measurements, a background 
spectrum was measured against air. The spectra 
were processed using the Unscrambler X version 
10.1. Standard normal variate (SNV) 
transformation51 was performed on all spectra to 

Table 1. Purity and Commercial Source of the Utilised Solids 

 purity commercial source; lot 
number 

CL-20 98.3% (1H NMR)  
99.4% (HPLC) 

SNPE; 573S98 

fine HMX 98.7% (1H NMR) 
99.3% (HPLC) 

Chemring Nobel; NSI 
00E 000 E004 

coarse 
HMX 

99.4% (1H NMR) 
99.9% (HPLC) 

Eurenco NSO131, lot 
20173558 
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correct for possible baseline shifts and global 
intensity variations.52 Utilising projection to latent 
structures (PLS)53 minimised the standard error of 
calibration.  

Experimental Setup. Crystallisation rate 
determination and SBRC were carried out in a 
250 mL flat-bottomed jacketed flask that was 
temperature-controlled using a Lauda RC6 CP 
thermostat. No external temperature sensor was 
utilised, but by prior calibration, the reaction 
temperature of 333.15 K (±0.5 K) was achieved by 
setting the internal thermostat temperature to 
335 K. The solid was dispensed by a LAMBDA 
Instruments GmbH DOSER 0.2L. A slow stream of 
pressurised air was vented through the solid-doser 
to prevent cementation of the solid due to ACN 
vapours. To compensate for the solvent loss 
because of the air stream, ACN was added during 
the crystallisation to the reaction vessel utilising a 
sykam s1610 syringe dosing system. As the central 
joint of the vessel lid was occupied by the doser 
unit, no vertically aligned agitator shaft was 
applicable. Due to the high solid loadings and spatial 
limitations, no diagonally aligned or eccentric stirrer 
could be used. The reaction mixture was, therefore, 
agitated by a specially designed captured magnetic 
stir bar that was propelled via a heidolph MR Hei-
End magnetic stirrer that was also set to 333 K to 
reduce thermal loss. To reduce particle breakage, 
the mount of the magnetic stir bar had to be 
rounded. To prevent rotation of the mount, it had 
to be fixed by an aluminium rod that was inserted 
via one of the ground glass joints. The rotation 
speed was set to 250 rpm. The solution 
concentration was determined in situ using a Bruker 
Matrix MF mid-infrared process spectrometer fitted 
with a Bruker IN350-T diamond ATR immersion 
probe. 

Crystallisation Rate Determination. ACN (82 g, 
2.0 mmol) was added to 36.2 g of CL-20 (82.6 mmol) 
and 1.5 g of HMX (5.1 mmol) in the tempered 
reaction vessel. After complete dissolution and 
thermal equilibration, the seed crystals were added 
to the solution. Then after equilibration, 0.93 g 
(3.1 mmol) of HMX and 2.79 g (6.4 mol) of CL-20 
were added within 30 s. Once a supersaturation of 
about 1.1 was reached, 0.93 g (3.1 mmol) of HMX 
and 2.79 g (6.4 mol) of CL-20 were added again two 
more times. Then the stirrer was removed and the 
slurry was transferred into a Büchner funnel using a 
BRAUN omnifix 100 mL syringe without a cannula 
attached to avoid clogging. The mother liquor was 
removed, and the product crystals were washed 
with 30 mL 2-propanol:ACN (8:2), 30 mL 
2-propanol:ACN (9:1) and five times with 20 mL of 
2-propanol to ensure the total removal of the 

mother liquor. The crystals were dried under 
ambient conditions. 

SBRC. ACN (122 g, 2.97 mol) was added to 52.95 g 
of CL-20 (120.8 mmol) and 5.35 g of HMX 
(18.1 mmol) in the tempered reaction vessel. After 
complete dissolution and thermal equilibration, the 
seed crystals were added to the solution. The 
concentration was adjusted to ensure about 10% 
seed crystal dissolution to reduce surface defects 
that would reduce the crystal quality.54,55 After 
equilibrium was reached, the solid-dosing of a 
mixture of 90 g of CL-20 (205 mmol) and 30 g of 
HMX (101 mmol) was started. One hour after all 
solid was dispensed, the stirrer was removed and 
the slurry was transferred into a Büchner funnel 
using a BRAUN omnifix 100 mL syringe. No cannula 
was attached to avoid clogging. The mother liquor 
was removed, and the product crystals were 
washed with 30 mL 2-propanol:ACN (8:2), 30 mL 
2-propanol:ACN (9:1), and five times with 20 mL of 
2-propanol to ensure the total removal of the 
mother liquor. The crystals were dried under 
ambient conditions. 

Calculation of Solution Composition and 
Supersaturation. Solution composition is expressed 
as the mass ratio [A] of the mass of the individual 
solids 𝑚A and the solvent mass 𝑚ACN as follows: 

[A] =
𝑚A

𝑚ACN
. 

Following the argumentation of Kudo and 
Takiyama,45 the supersaturation of the cocrystal is 
calculated by dividing [HMX] by the corresponding 
[HMX*] on the solubility curve. This calculation is 
possible because for all solution compositions 
within the cocrystal phase region of CL-20 and HMX 
in ACN at 333 K the de-supersaturation line from 
[HMX] through [HMX*] will intersect the CL-20 
concentration axis.45 

Raman Analysis. Raman spectra were obtained 
utilising a Bruker RFS 100/S Raman spectrometer 
equipped with a 1064 nm ND:YAG-laser operated at 
450 mW and a liquid-nitrogen-cooled germanium 
detector. The spectra were obtained between 80 
and 3500 cm-1 with a spectral resolution of 1 cm-1. 

Density Measurement. The bulk density was 
determined using a micromeritics AccuPyc 1340 TEC 
10 cm3 with He 5.0 as the measurement gas. The 
equilibration pressure change was set to the 
standard 0.345 hPa. The heating/cooling element 
was set to 292.95 K for all measurements to achieve 
an average chamber temperature close to 293.15 K. 
A calibration of the chamber volumes was carried 
out before the series of measurements. About 10 g 
material was weight in using a Kern 770 analytical 
balance (accuracy 0.1 mg). Three hundred flushing 
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cycles ensured total sample dryness during the 
measurement. Between 50 and 300 data points 
were collected for each measurement. At least two 
true repeat measurements were carried out for 
each sample. 

Solvent Inclusion Determination. About 50 mg of 
samples were dissolved in dry dimethylformamide. 
One microliter of the solution was injected into the 
Agilent 6890N GC-FID equipped with a DB-624 60 m 
x 0.25 mm ID x 1.4 µm film column. The split ratio 
was 10, and the injection port temperature was 
503 K. The helium flow was 2 ml min-1, and the 
column was kept at 323 K for 4 min and then heated 
up to 353 K with a heating rate of 5 K/min. From 
353 K up to 533 K, the heating rate was 20 K/min. 
The detector temperature was 553 K. 

Particle Size Determination. Particle diameters 
were determined utilising a Malvern Mastersizer 
2000 version 5.60 in 2-propanol as dispersion 
medium. The agitation speed was 2450 rpm. A 
refractive index of 1.69 was chosen, and the 
absorption coefficient was selected individually to 
obtain the best results. Three measurements, each 
consisting of 10000 individual scans, were 
averaged. 

PXRD Analysis. X-ray powder diffraction 
measurements were performed on a D8 Advance 
from Bruker AXS, equipped with a copper tube, two 
2.5° Soller collimators, an antiscatter screen, a flip 
stick stage, and a silicon strip detector (LynxEye). 
Samples were milled to a particle diameter of less 
than 10 µm. The reflection range was scanned in 
0.01° 2𝜃 steps from 10-42° 2𝜃. Each measurement 
was accumulated for 20 s. The data were evaluated 
using Rietveld analysis based on the structure data 
reported by Bolton et al.6 

Results and Discussion 

In Situ ATR-FTIR Spectroscopy. Fourier transform 
infrared spectroscopy (FTIR) in combination with 
attenuated total reflectance (ATR) is an efficient 
tool for monitoring solution concentrations during 
crystallisation experiments with high solid loading56 
and has been used to monitor the solution 
concentration of both coformers during 
cocrystallisation experiments.47,57,58 Because of the 
chemical similarity of CL-20 and HMX and the 
limited transmittance of the optical fibre, only a 
small spectral region in which the signals of CL-20 
and HMX are strongly superimposed is available for 
online concentration monitoring (Figure 3). 
Multivariate analysis49,50 was applied to obtain a 
robust model in face of the presence of the 
convoluted signals and the substantial signal noise 

in the region between 1585 and 1610 cm-1 because 
of low transmittance. 

The objective was to monitor the concentration 
progression of CL-20 and HMX during the 
solid-dosing of the SBRC independently. Hence, 
both the HMX and CL-20 concentration were 
involved in the calibration model. During 
calibration, it was found that the lever of individual 
samples in the calibration model becomes 
excessively large if a calibration of the whole phase 
region is undertaken. For highest precision, the set 
of calibration points only envelops part of the 
cocrystal phase region (Figure 1). Because of the 
relatively small concentration region for the 
calibration, only two principal components are 
needed to achieve an explained variance of 98.4%. 
The use of only two principal components should 
increase the robustness of the calibration model. 
The position of the calibration points was chosen to 
ensure maximum orthogonality of the [CL-20] and 
[HMX] values to prevent linear dependency of the 

Figure 3. Display of the utilisable wavenumber region for 
concentration monitoring during SBRC of the CL-20/HMX 
cocrystal. CL-20 (orange), HMX (blue), and ACN (green). 
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[HMX] values on the [CL-20] values. The model was 
validated by predicting the solution concentrations 
of an older calibration. Four of the old data points 
lie within the region. On average, an error of 
4.2 mg CL-20 g-1ACN and 0.7 mg HMX g-1 ACN was 
achieved. These errors are sufficiently small for the 
control of the supersaturation during the SBRC 
experiments, especially because the HMX 
concentration is kept at the solubility limit during 
the entire experiment anyway. Only the CL-20 
concentration is, thus, truly important, and a 
relative error of less than 1% is insignificant. It is, 
therefore, also less impactful that during the 
conducted SBRC, [HMX] typically lies outside of the 
calibrated [HMX] region by 0.005 g/g. 

Crystal Growth Rate. Figure 4 presents the 
concentration progression during the rate 
determination experiment 1 (RD1). [CL-20] exhibits 
a sharp sawtooth shape, while [HMX] exhibits 
plateaus after the addition of solid to the solution. 
The plateaus occur because the solubility limit for 
HMX is reached at 0.055 g/g ACN. Undissolved HMX 
is present during the plateaus. This phenomenon 
might be very beneficial to the success of an SBRC 
experiment, as this reduces the supersaturation 
increase upon solid addition. The supersaturation 
increases only as the result of the increased CL-20 
concentration and the, therefore, shifted 
equilibration point on the cocrystal solubility curve. 
This behaviour smoothes the supersaturation 
progression during solid addition and helps to keep 
the crystallisation in a steady state. Even though the 
supersaturation of 1.24 was significantly lower than 
the previously determined metastable zone width 
of 1.4, the particle size distribution after the 
experiment indicated that a substantial amount of 
nucleation occurred during the experiment. Crystal 
breakage is the most likely cause because no 
particles smaller than 20 µm were detected. If 

significant heterogeneous primary nucleation 
occurred, finer particles should be present. RD2 was 
therefore carried out with a  

reduced stirrer speed of 150 rpm. The stirrer 
speed during RC1 was 500 rpm. The [CL-20] 
progression after the third solid addition is 
displayed in Figure 5. The significantly coarser 
product of RD2 indicates that less breakage 
occurred. Due to the low stirrer speed, the dwell 
time of the coarser crystals on the bottom of the 
vessel increased to an unacceptable level that 
propagated the formation of large, flat crystals. The 
presence of undissolved HMX could also have an 
impact on the nucleation rate. Further testing of the 
nucleation rate in different zones of the cocrystal 
phase region is required. As the overall crystal 
growth rate depends on the total crystal surface 
area, the most reliable data should be obtained 
from the third solid addition of RD2 because here 
the total surface area can be calculated from the 
crystal size distribution determined after the 
experiment. The overall crystal growth rate RG can 
be determined following the formula59 

𝑅G =
1

𝐴
∙

d𝑚

d𝑡
 

where A is the total crystal surface area and dm/dt 
is the mass rate of deposition. The mass rate of 
deposition can simply be calculated as59 

d𝑚

d𝑡
=

4𝑚ACN

3
∙

d[𝐶𝐿−20]

d𝑡
. 

Figure 4. [CL-20] and [HMX] progression during the 
crystallisation  rate determination. 

Figure 5. Visualisation of the [CL-20] progression and quadratic 
regression curve for RG determination. 
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The obtained RG values are summarised in Table 2 
for the two [CL-20] values marked in Figure 5. 

SBRC without Active Dosing Rate Control. Active 
control of the dosing rate requires the permanent 
use of a PAT system, the interconnection of the 
dosing system and the PAT system, as well as the 
time and effort for the development of the interface 
software. One way to carry out SBRC without the 
need for constant PAT application is to set up a 
dosing program that increases the dosing rate 
based on a predetermined RG and the projected 
total crystal surface area. The solid-dosing rate was 
calculated based on the RG value obtained during 
RD2 for a supersaturation of 1.2. The aim was to 
produce 100 g of 200 µm crystals. Assuming that 
the seeds have a uniform size, that no nucleation 
and breakage occur, and that all material 
crystallises on the seed crystals, the required seed 
crystal mass 𝑚seed can be calculated using the seed 
crystal size 𝑙seed, the desired final crystal size 𝑙final, 
and the cocrystal yield 𝑚final following the 
formula60 

𝑚seed = 𝑚final ∙ (𝑙seed 𝑙final⁄ )3. 

Thus, one can calculate the number of seed 
crystals and therefore the total seed crystal surface 
area. Two-hour intervals of constant solid-dosing 
were chosen. Simulated cocrystal mass 
progressions for 20 and 80 µm seed crystal sizes are 
displayed in Figure 6. An exemplary calculation of 
the dosing rate progression based on the seed 
crystal mass can be found in the supporting 
information. 

As can be seen in Figure 6, for the desired 
supersaturation of 1.2 and 20 µm seed crystals, this 
cocrystal system requires about 19 h to produce 
100 g of the product. If 80 µm seed crystals are 

Figure 6. Visualisation of the possible mass increase during 
SBRC depending on the seed crystal mass and size. Starting 
from 0.1 g, 20 µm seed crystals (orange) and from 7.5 g, 80 µm 
seed crystals (green). 

Figure 7. Left: [CL-20] progression during SBRC1. The sawtooth shape is the result of the 20 min. intervals between each 2 h 
dosing interval (less than 1 h between min. 250 and 500) without solid-dosing, during which the solution concentration drops. 
Right: [CL-20] progression during SBRC2. 

Table 2. Summary of the data required for calculation of 
𝑅G 
 super 

satur-
ation 

𝑚ACN 
(g) 

A 
(cm2) 

d[𝐶𝐿−20]

d𝑡
 

(min-1) 

𝑅G (g  
min-1 cm-2) 

A) 1.20 80 3013a -5.77E-04c -2.04E-05 
B) 1.12 80 3778b -8.81E-05c -2.48E-06 

 a Calculated from particle size distribution obtained 
by subtracting the added mass during the third 
addition. 
b Calculated from particle size distribution. 
c Calculated by differentiation of the second-order 
regression curve. 
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utilised, 12 h are required. Based on the size 
distribution of the utilised seed crystals 
(D(4,3)=75.6 µm), the seed crystal mass of SBRC1 
was calculated to be 7.5 g. This would have resulted 
in a 12 h crystallisation. Due to a programming error 
of the solid-doser, however, a supersaturation of 
1.2 was only reached after the second dosing 
interval, which made it necessary to start the 
program over at this point to prevent increased 
supersaturations. Furthermore, after around 
930 min the solid-dosing rate was reduced most 
likely because of a leakage of the pressurised air 
tube that flushes the solid-doser. None of these 
incidents influenced the crystallisation besides 
prolonging the experiment by 6 h. The 
concentration profile of CL-20 during the 
experiment is shown in Figure 7, left. The final 
product missed with 163 µm the mark of 200 µm. 
The seed crystal mass was, therefore, reduced to 5 g 
for SBRC2. Furthermore, the 20 min intervals of no 
solid-dosing between the dosing intervals were 
eliminated. Due to constant nucleation, they did not 
serve to calculate RG, and the pauses in dosing seem 
to promote overdosing of the solid once dosing was 
started again. Because of the reduction of seed 
crystal mass, the dosing rate also had to be reduced. 
Seed crystals are partially dissolved to ensure a 
clean crystal surface, and the exact solution 
concentration prior to seed crystal addition varies 
because of varying amounts of condensation on the 
glass surfaces. Proportionally, more seed crystals 
might, therefore, be dissolved when less seed 
crystals are added. The dosing rate was, thus, not 
reduced by 30% for SBRC2 compared to that for 
SBRC1, but by around 50 %. Even though the 
solid-dosing was not interrupted, the [CL-20] 
progression exhibits a sawtooth shape (Figure 7, 
right). The sharp tooth at 360 min is the result of the 
change in the dosing rate from 2 to 1. This is 
necessary because of hardware limitations, as the 
crystallisation operates at the lowest speed settings 
of the solid-doser and an average dosing rate of 1.5 
cannot be selected. The other dips in [CL-20] are the 
result of the increasing solid deposition rate with 
increasing crystal size towards the end of each 2 h 
interval. Towards the end of the crystallisation the 
signal noise increases. This is most likely caused by 
the increase in solid density around the ATR probe 
head. The larger crystals are harder to suspend and 
accumulate closer to the bottom where the probe 
head is situated. ATR-IR is considered to be 
uninfluenced by solid particles56,61,62 because of the 
shallow penetration depth of the evanescent 
wave.56,63,64 With a sufficient solid loading, however, 
there was a significant influence in our experiments 
depending on the crystal size and the agitation rate. 

Even though an increased signal noise is also 
present in SBRC1, the influence is most likely 
stronger in SBRC2 because of the overall smaller 
particle size of 137 µm (Figure 8).  

The smaller D(4,3) of SBRC2, with 137 µm, 
compared to that of SBRC1 can partially be 
explained by the 50% increase of crystallisation time 
and the, therefore, increased chance of crystal 
breakage.59 The decrease in the crystal size with the 
decrease in the seed crystal mass indicates that the 
crystallisation time and the crystal breakage that 
occurs play a major role in determining the crystal 
size for this system under the experimental 
conditions. Preliminary SBRC experiments carried 
out at a 500 rpm stirrer speed resulted in an even 
finer product. This indicates that a reduction of 
stirrer speed can increase the product size for this 
system. A further reduction of the stirrer speed, 
from 250 rpm down to 150 rpm for example, is, 
however, not possible. This was seen during RD2, 
where at 150 rpm the dwell time of the coarser 
crystals at the bottom of the vessel increased to an 
unacceptable level for SBRC. It seems as if a 
reduction in crystal breakage could only be 
achieved by redesigning the stirrer unit. 

SBRC with Active Dosing Rate Control. The 
calculation of the dosing rate based on calibration 
data is a fast and less resource-consuming way of 
SBRC operation, but this type of operation can have 
several issues. The dosing rate is calculated based 
on the calibration of the crystallisation rate, the 
calibration of the solid-doser unit, and the assumed 
crystal surface of the seed crystals after partial 
dissolution. Each of these factors can deviate from 
the expected value during the actual crystallisation 
experiment. It is, therefore, very difficult to obtain 

Figure 8. Size distribution determined via laser diffraction of 
the seed crystals (green), SBRC1 (blue), and SBRC2 (orange). 
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exactly the supersaturation aimed at. It is necessary 
to make allowance for this uncertainty to prevent a 
nucleation shower because of excess 
supersaturation. As a result, the supersaturation 
and, thus, the crystallisation rate might not be 
optimal, and longer crystallisation times are 
necessary. If the solution concentration is actively 
monitored and the solid-doser is linked to a control 
unit, the dosing rate can be adjusted based on the 
solution concentration. Thus, by utilising the full 
potential of PAT, the dosing rate can be adjusted to 
the solid deposition rate during crystallisation. This 
could be used to set a specific low supersaturation, 
which would be relevant, for example, for 
polymorph control65,66 or crystal quality 
improvement.67,68 It, furthermore, facilitates the 
crystallisation operation in a steady state, which 
improves the crystal quality and enables one to 
operate close to the metastable limit to maximise 
the crystallisation rate. Two possible strategies for 
automated dosing regulation have been simulated 
by manual addition of solid to the crystallisation 
mixture. In CSBRC1, [CL-20] was kept within two 
concentration limits (hysteresis) as is common with 
feedback control. In CSBRC2, [CL-20] was regulated 
hysteresis free as is common for feedforward 
control.69,70 Segments of the two [CL-20] 
progressions during the experiments are displayed 
in Figure 9. Because of the lower risk of local 
supersaturation in CSBRC2, a higher 
supersaturation was applied. CSBRC1 and 2 are 
short (about 1.5 h) simulations of possible SBRC 
experiments with automated active dosing rate 
control, and no crystalline product was obtained 
from these tests.  

These short experiments can be seen as a proof of 
concept to demonstrate how solid-dosing can be 
used in conjunction with PAT to automate SBRC and 
tailor it to the specific needs of the cocrystal system. 

Comparison to Existing Crystallisation Methods. 
In the following, crystal quality and CL-20 efficiency 
of SBRC are compared to batch RC and antisolvent 
crystallisation, because batch RC is the 
crystallisation method of highest efficiency, while 
the best crystal quality was achieved by antisolvent 
crystallisation. The four cocrystal batches compared 
below are all more than 99.9% pure cocrystal 
according to Rietveld analysis, and all show no 
traces of CL-20 or HMX impurities in their Raman 
spectra. The detection limit of the Raman analysis in 
this case is 0.5% HMX/CL20. The best way to 
compare the quality obtained is to compare the 
crystal morphologies and the amount of inclusions 
in the crystals. By immersing the crystals in an 
optically similarly dense liquid, the surface 
refraction of the crystals is reduced and the internal 
defects are highlighted (Figure 10).  

The crystal density can serve as a tool for 
assessing the crystal quality in conjunction with the 
solvent inclusion values and the optical analysis. In 
Table 3, the solvent inclusion and density values for 
SBRC1, SBRC2, antisolvent crystallisation, and batch 
RC experiments are displayed. A more in-depth and 
statistically sound quality assessment will be 
published elsewhere. Figure 10 and the values in 
Table 3 clearly indicate that the SBRC crystal quality 
is very close to the quality obtained from 
antisolvent crystallisation. Crystal density and 
solvent inclusions of antisolvent crystallisation and 
SBRC are indistinguishable considering the 
measurement error. The visual analysis of the 
crystals also shows that no drastic differences exist 

Figure 10. Crystal quality comparison of SBRC1 (top left), 
SBRC2 (top right), batch RC (bottom left), and antisolvent 
crystallization (bottom right). The crystals are immersed in a 
mixture of 1-methyl naphthalene and decan (8:1) to highlight 
the internal defects of the crystals. 

Figure 9. [CL-20] progression during CSBRC1 (orange) and 
CSBRC2 (green). 
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in morphology or visual inclusion content between 
antisolvent and SBRC crystals. The smaller particle 
size of SBRC2 might be correlated to the layered 
appearance of the obtained crystals (Figure 10). 
Some external factors such as humidity or chemical 
impurities might have induced this crystal 
morphology. This morphology may facilitate crystal 
breakage, which would explain the smaller D(4,3). 

The CL-20 efficiencies for the major crystallisation 
techniques capable of producing high-quality 
cocrystals are presented in Table 4 alongside a 
qualitative assessment of the solution recyclability 
(which would increase the method’s efficiency, but 
is not always desired71). Solid-dosing leads to a 10 
times more efficient SBRC experiment than 
liquid-dosing and SBRC is over two times more 
efficient than solvent evaporation. The calculations 
of the SBRC efficiencies and comments on the 
solution recyclability are found in the supporting 
information. The CL-20 efficiency of SBRC is 
dependent on the solid loading. Increasing it would 
also increase the CL-20 efficiency, but the solid 
loading is already twice as high as generally 
recommended for solution crystallisation and 
higher values might be detrimental to the 
achievable crystal size.59 This value was chosen as a 
compromise between efficiency and obtainable 
crystal size.  

Conclusion 

Here we reported the first successful scale up of 
high-quality coarse CL-20/HMX cocrystal. The 
obtained particle size of 163 µm and the batch size 
of 120 g are sufficient for the production of enough 
cocrystal in an acceptable time frame for the test in 

high performance polymer-bonded explosive 
charges. The crystal quality, as evidenced by the 
particle density and solvent inclusion values, is close 
to the crystal quality obtained from laboratory-scale 
antisolvent experiments. As it stands, SBRC is the 
most efficient crystallisation technique of the 
CL-20/HMX cocrystal by a margin of 2.4. It is the 
only method capable of producing cocrystal of 
high-quality with an acceptable CL-20 efficiency in 
the 100 g-range. This technique is easily applicable 
to other cocrystal systems where high-quality 
crystals and adjustable crystal size are required and 
can serve as an efficient way to scale up cocrystal 
production of coformers with significant solubility 
difference. 

Supporting information 

Efficiency calculation of liquid and solid-dosing 
SBRC and comment on the solution recyclability 
dosing rate calculation 
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Efficiency calculation of liquid dosing SBRC and comment on the solution recyclability 
Liquid dosing is at least partially limited by the solubilities of the cocrystal coformers. Assuming no 

supersaturated solutions are utilised, the maximum efficiency can be achieved by mixing a solutions of 
composition 0.42 g(CL-20) g-1(ACN) and 0.056 g(HMX) g-1(ACN) and a solution of composition  
1.04 g(CL-20) g-1(ACN) and 0.006 g(HMX) g-1(ACN). These are the solution compositions at TP1 and TP2 
(Figure S1). Eight mixing ratios were tested to determine the maximum CL-20 efficiency achievable. The solution 
compositions after mixing c0, the solution composition after equilibration c*and the CL-20 efficiency are 
displayed in Table S1. The CL-20 efficiency is calculated as:  
CL-20 efficiency = (c0-c*) c0

-1 

Figure S1 presents the solution composition equilibration of the eight solution mixtures. A direct recycling of 
the solution is not possible, because at c* [CL-20] and [HMX] are intermediate values between the TP. A 
refreshing of the solution can either be performed by adding HMX or CL-20 to the solution, or by evaporating 
the solution until TP2 is reached. Both methods of solution refurbishing require the application of another 
cocrystallisation technique (solid-dosing SBRC or evaporation crystallisation). The solution of this method is, 
thus, hard to recycle. 
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Figure S1: Visualisation of the solution equilibration of the eight solution mixtures. The black curve represents the cocrystal 
solubility curve. The solution concentration progression of the mixing ratio 7:3 is visualised in green. c0 is the solution 
composition after mixture. By crystallisation of the CL-20/HMX cocrystal, the supersaturation is reduced until the solution 
concentration c* is reached. 

 

Table S1. Composition and efficiency data of the liquid dosing SBRC 

 c0
/g g-1 c*/g g-1  

mixing ratio CL-20 HMX CL-20 HMX CL-20 efficiency 

9:1 0.482 0.051 0.463 0.045 4.0% 
8:2 0.544 0.046 0.513 0.036 5.7% 
7:3 0.606 0.041 0.567 0.028 6.5% 
6:4 0.668 0.036 0.626 0.022 6.3% 
5:5 0.730 0.031 0.690 0.018 5.5% 
4:6 0.792 0.026 0.758 0.015 4.2% 
3:7 0.854 0.021 0.827 0.012 3.2% 
2:8 0.916 0.016 0.898 0.010 2.0% 
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Efficiency calculation of solid-dosing SBRC and comment on the solution recyclability 
In contrast to liquid dosing SBRC, solid-dosing SBRC is far less limited by the solubilities of the cocrystal 

coformers. The CL-20 efficiency is calculated by dividing the CL-20 found in the obtained cocrystal by the total 
CL-20 input. For the experiments described in the paper, the total CL-20 input is 148.6 g (53g(solution 
composition) +5.6g(seed crystals) +90g(solid-dosing)) and the CL-20 found in the obtained cocrystal is 95g 
(90g(solid-dosing)+ about 4g (seed crystals)). A CL-20 efficiency of 63% is, therefore, reached. After complete 
crystallisation, the solution composition is c*. To recycle the solution, it is only required to add ACN until the 
desired solution concentration is achieved for the desired partial dissolution of the seed crystals. The solution 
is, thus, easy to recycle.  
Dosing rate calculation 

In the following, a simplified version of the dosing rate calculation is performed. The following simplifications 
have been applied. It was assumed that the seed crystals are uniform in size, that the seed crystals are of cubic 
shape and that no nucleation occurs during the crystallisation experiment. With the exception of the assumption 
of uniform size of the seed crystals, the other simplifications were also applied to the calculations of the dosing 
rates of SBRC1. The error arising from ignoring the seed crystal form factor is small, because the same 
simplification has been applied to the calculation of RG. The errors cancel each other out to a large degree. To 
be able to accurately account for nucleation during the experiment requires additional PAT hardware such as 
an FMBR probe and the application of population balance. For SBRC2, the seed crystal mass was reduced to 
counteract the increase of crystals. 

The calculation is based on the following predefined or predetermined constants. 

product crystal size 
(cm) 

product crystal 
mass (g) 

density 
(g cm-3) 

seed crystal 
size (cm) 

RG (g min-1 

cm-2) 
seed crystal 
mass (g) # of crystals 

0.02 100 1.95 0.008 -2.04E-05 6.4 6410256 

Based on these values the total seed crystal surface can be calculated. A feasible way of carrying out the SBRC 
is to define intervals of constant dosing rate. This eliminates the need for external controllers of the dosing unit. 
Time intervals of 2 hour were chosen because of the limited number of possible program steps of the 
solid-doser. With the total crystal surface and the interval time, the dosing rate can be calculated from RG (Table 
S2).  

Table S2. Calculated data for the determination of the dosing rates during SBRC 

 
  

total mass (g) m(one crystal) (g) V(one crystal)(cm3) crystal size(cm) A(one crystal) (cm2) Atotal (cm2) dosing rate (g h-1) 

6.4 1.0E-06 5.1E-07 0.008 0.0004 2462 3.0 

12.4 1.9E-06 9.9E-07 0.010 0.0006 3831 4.7 

21.8 3.4E-06 1.7E-06 0.012 0.0009 5573 6.8 

35.4 5.5E-06 2.8E-06 0.014 0.0012 7706 9.4 

54.3 8.5E-06 4.3E-06 0.016 0.0016 10241 12.5 

79.4 1.2E-05 6.4E-06 0.019 0.0021 13190 16.1 
111.7 1.7E-05 8.9E-06 0.021 0.0026 16559 20.3 
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8 Conclusion 
Beginning with RQ1, the way towards an answer 

was concentrated in WP1:  
“Suitable analytical methods must be identified or 

developed in order to be able to quantify and 
compare the chemical purity, the phase purity and 
the crystal defects of the crystals from samples even 
on a laboratory-scale.” 

Prior to the work published in the first quality 
assessment paper (chapter 5.1), the precision limit 
of the density determined by helium pycnometry 
was unpublished or even unknown. By identifying 
the factors influencing the measurements and 
taking them into account in the data analysis, 
differences of 0.001 g cm-3 can be resolved. This 
means for the CL-20/HMX cocrystal, samples of a 
density difference of less than 0.05% are 
distinguishable. Therefore, a measurement and 
analysis method for helium pycnometry 
measurements was established for the first time 
that enables the differentiation of samples with 
statistical backing and certainty. This method is 
tremendously useful for any quality analysis carried 
out using helium pycnometry in most disciplines. 
The usefulness of this level of precision for 
distinguishing the crystal defects of the cocrystal 
was tested in the second quality assessment paper 
(chapter 5.2). Here, it was found that the batch RC 
sample was only about 0.001 g cm-3 less dense than 
the SBRC samples. In combination with the 0.19% 
solvent inclusion for the batch RC sample, it can be 
concluded that the too low density difference is the 
result of higher amounts of gas inclusions in the 
SBRC samples compared to the batch RC sample. 
The 0.001 g cm-3 higher density of the SBRC4 
sample might also be the result of less gas inclusions 
compared to the other SBRC samples. This shows 
that the precision of the density measurements 
achieved is just sufficient for crystal defect analysis 
of the cocrystal, but only for samples on the pilot 
plant-scale. This is because a sample mass of 
approximately 10 g is required to fill the 10 cm3 
sample cup. This is required in order to achieve the 
determined level of precision. For laboratory-scale 
samples, only about 1 g is obtained. The 
measurement error for the 1 cm3 sample cup is 
about five times larger for the pycnometer used. 
Pycnometers specifically designed for smaller 
samples are available. Assuming that the sampling 
error and the error due to the barometric pressure 
drift are transferable, the increased weighing error 
of 1 g compared to 10 g will result in an overall 
measurement error of a 1 g sample in such a 
pycnometer that is twice as high as that of a 10 g 

sample in the pycnometer used in this study. But, if 
sufficient care is taken and a laboratory micro 
balance is used, the weighing error can be reduced 
enough that batches on the laboratory-scale should 
be able to be differentiated with the same precision 
as batches on the pilot plant-scale. For digital image 
processing, however, the sample size is of no 
concern and a high degree of discriminatory power 
is achieved for each sample. In total, over 
3500 crystals from five crystal batches could be 
quantitatively evaluated. Because of the large 
number of crystals, the data obtained possess a high 
explanatory power, even though only a few 
milligrams of sample are required. The digital image 
processing could easily determine that the amount 
of crystal defects in crystals between 150 and 
250 µm in size is the same for pilot-plant-scale SBRC 
and laboratory-scale antisolvent crystallisation. But 
it was also possible to determine that the finer 
crystals produced by antisolvent crystallisation are 
of even higher quality. It was, thus, shown in 
chapters 5.1 and 5.2 that the crystal defects can be 
quantified sufficiently well, but only digital image 
processing of photomicrographs could do so also on 
the laboratory-scale. Chapter 5.2 also showed that 
the well-established methods 1H NMR, HPLC and GC 
are suited for the analysis of the chemical purity of 
the cocrystal batches. The significant solvent 
inclusion of the batch RC sample and the higher 
amount of decomposition resulting from the 
nickel-plated magnetic stir bar for the samples of 
SBRC1 and SBRC3 were easily detected. All cocrystal 
batches exhibited fewer impurity signals than the 
CF in their HPLC chromatograms as well as their 
1H spectra. But they all possess additional signals 
that are attributed to decomposition products of 
CL-20. A testimony to the effectiveness of the 
analytical methods is that from the lower intensity 
of the decomposition signals and the unexpectedly 
high relative density of the BRC sample, it can be 
concluded that the gas inclusions in the crystals of 
the antisolvent crystallization sample and the SBRC 
samples are due to the decomposition of the CL-20. 
A reduction of the crystallisation time should, 
therefore, reduce the amount of decomposition 
and gas inclusions and, thereby, improve the crystal 
density and chemical purity. The level of precision 
achieved for these methods is sufficient for the 
quality improvement of the crystallisation methods. 
This is also true for the Rietveld analysis of the pXRD 
measurements for assessing the phase purity. All 
samples are at least 99.9% phase pure, which 
agrees with the DSC measurements in which no 
signals were recorded apart from the 
decomposition. WP1 was, hence, completed 
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successfully. Sufficiently precise methods were 
found for the determination of the crystal defects, 
the chemical purity, and the phase purity. The 
finding that most samples are indistinguishable by 
most analysis methods is most likely a testimony to 
the high reproducibility of the crystal quality of 
SBRC and the very high overall crystal quality 
achieved. 

 
The desire to find a solvent and temperature 

pairing that enables the reproducible and 
material-efficient cocrystallisation of CL-20 and 
HMX was concentrated in RQ2 and the 
corresponding WP2: 

“A solvent should be identified either from 
literature research or experimental work in which 
CL-20 and HMX are congruently soluble and no 
solvate formation occurs.” 

During the work described in the solubility paper 
(chapter 6.1) no solvent was found that exhibits a 
solubility ratio close to the stoichiometric ratio of 
the cocrystal. Because of the systematic approach 
to solvent selection, it can be safely stated that the 
observed solubility difference is the result of the 
inherent properties of CL-20 and HMX. It can be 
concluded that most likely no solvent exists that 
exhibits a favourable solubility ratio of CL-20 and 
HMX. And it was shown that reports of such 
beneficial solubility ratios are most likely the result 
of undetected solvate formation. Given the 
determined solubility ratios, the strict exclusion of 
solvate forming solvents from consideration 
demanded in RQ2 and WP2 can and must be 
revised. On the one hand, of the ten solvents with 
the best solubility ratios five are known to form 
solvates with either HMX or CL-20, and on the other 
hand, because of the significant solubility difference 
between HMX and CL-20, it is likely that in the case 
of a possible CL-20 solvate formation the phase 
areas in which the cocrystallisation is carried out lies 
outside of the area in which the solvate can occur as 
a thermodynamic or kinetic product. Because the 
cocrystallisation is carried out closer to the HMX 
phase boundary for reasons of efficiency, only 
solvents that form HMX solvates should be 
excluded from considerations. This exclusion can 
most likely be further restricted to only exclude 
solvents that form thermodynamically stable HMX 
solvates. The suitability to form the CL-20/HMX 
cocrystal was tested for three CL-20 solvate forming 
solvents in the first crystallisation methods paper 
(chapter 7.1) together with seven other solvents. Of 
the three, only acetonitrile was found to be able to 
form the CL-20/HMX cocrystal reliably. The solvate 
was never formed in any experiment carried out 
with HMX, or in any solubility determination. 

Dimethyl carbonate did not form the cocrystal at all. 
The complete phase diagram at 333.15 K was 
determined and even seed crystals of the cocrystal 
were converted back to the pure CF. During the five 
days of equilibration, neither the solvate nor the 
cocrystal was formed. Only after the solutions were 
cooled to room temperature did one large solvate 
crystal grow in one of the solutions over a period of 
weeks. For this system, the presence of both HMX 
and dimethyl carbonate seem to hinder each other 
from forming crystals with CL-20 regardless of the 
ratio. Butane-2,3-dione yielded only a mixture of 
CL-20, HMX, and cocrystal in a 72 h equilibration 
test that started with cocrystal seeds. This indicates 
a very low conversion rate. The presence of HMX 
seems to have blocked the formation of the CL-20 
solvate for this system. These three cases indicate 
that no general decision can be made about the 
utility of solvate forming solvents. The suitability of 
this type of solvent has to be determined 
individually. Of all ten solvents tested, acetonitrile 
has been found to be the most suitable solvent for 
cocrystallisation in terms of crystal habit, chemical 
compatibility, and solubility ratio at TP1, although it 
has a solubility ratio of 10:1 at TP1. This means that 
WP2 cannot be completed successfully. That 
acetonitrile can form CL-20 solvates is most likely 
not of great importance, but because of the 
solubility ratio at TP1 CL-20 and HMX are 
incongruently soluble in acetonitrile. This fact and 
the fact that there is most likely no solvent in which 
CL-20 and HMX are congruently soluble presented 
the work on WP3 with additional challenges in order 
to answer RQ3. 

 
None of the cocrystallisation methods tested in 

chapter 7.1 were able to combine the three 
requirements formulated in WP3: 

“The crystallisation processes known from the 
literature are to be tested with regard to which 
methods are basically capable of delivering high-
quality crystals reliably and efficiently.” 

While laboratory-scale antisolvent crystallisation 
could reliably produce high-quality crystals, the 
CL-20 efficiency of 25% is unacceptable. 
Laboratory-scale batch RC at 293.15 K could 
produce high-quality crystals with a CL-20 efficiency 
of 55%, but not reliably, and pilot plant-scale batch 
RC at 333.15 K could produce the cocrystal with a 
CL-20 efficiency of up to 79% reliably, but not of 
high-quality. None of these results can be improved 
because the efficiency of the antisolvent 
crystallisation is severely limited by the solubility 
ratio at TP1, the reliability of the batch RC at 
293.15 K is limited by the small energetic benefit of 
the cocrystal compared to the CF, and the crystal 
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quality of the batch RC at 333.15 K is limited by the 
rapid crystallisation rate caused by the high 
supersaturation. There could be an intermediate 
temperature for batch RC for which the energetic 
benefit is just great enough to enable a reliable 
cocrystallisation of high-quality co-crystal. But this 
would still rely on a small energetic advantage of 
the cocrystal over the CF which would still make the 
process of forming the cocrystal potentially 
unreliable. To try for a method that would certainly 
combine all three positive aspects seemed the more 
promising route. Thus, solid-dosing semibatch 
reaction cocrystallisation was developed as 
described in the second crystallisation method 
paper (chapter 7.2). By adding the CF to the solution 
in a controlled manner, as opposed to the complete 
addition of all CF mass at the beginning of the 
experiment for batch RC, supersaturation control is 
achieved. This is very similar to antisolvent, cooling, 
or evaporation crystallisation, where the 
antisolvent dosing rate, the cooling rate, or the 
evaporation rate, determine the level of 
supersaturation. In contrast to these techniques, 
the solid dosing renders overheating the solution 
before the experiment useless. In antisolvent 
crystallisation, overheating the solution by 10 K 
suppressed the formation of nuclei during the 
antisolvent addition. But, because the CF are added 
in solid form during solid-dosing SBRC, the 
presumed effect of overheating, the destruction of 
preformed subcritical molecule clusters, is negated 
because such clusters are constantly added to the 
solution. This is possibly the main reason for the 
smaller than aimed at average particle size of the 
SBRC batches. Despite this drawback, solid-dosing 
SBRC combines the supersaturation control of 
antisolvent crystallisation with the efficiency of 
batch RC. Because of this, it can produce crystals in 
the 150-250 µm size range with the same quality as 
antisolvent crystallisation, but with a 
CL-20-efficiency similar to batch RC. It is, thus, the 
only crystallisation technique that produces coarse 
crystals of the CL-20/HMX cocrystal of sufficient 
quality and efficiency for its scaled-up production. 
This method is a promising crystallisation technique 
for all incongruently soluble cocrystal systems 
where a high crystal quality of coarse crystals are 
desired. But for cheap materials, of course, low 
material efficiency might be acceptable and other 
methods such as cooling crystallisation may be 
sufficient.  

That liquid-dosing SBRC has been used multiple 
times in the literature to produce API cocrystals, but 
solid-dosing SBRC has not been used once might be 
due to a general aversion against solid-dosing 

because it is more difficult to regulate and calibrate 
than liquid-dosing. But for incongruently soluble 
cocrystals, the solid-dosing leads to an efficiency 
gain of about an order of magnitude compared to 
liquid-dosing. 

The development of solid-dosing SBRC concludes 
WP3 successfully. High-quality crystals can be 
produced efficiently enough for the scale up of the 
cocrystal production. WP1 and WP3 were 
completed favourably, and the efficiency limitation 
imposed by the impossibility of successfully 
completing WP2 because of inherent solubility 
differences was also mitigated by the solid-dosing 
SBRC.  

 
The proposed research questions are, thus, 

answered as follows. 
 
RQ1: How can the crystal quality be analysed 

sufficiently well to allow for the differentiation 
between and optimisation of the crystallisation 
methods? 

A1: The crystal defects of the CL-20/HMX 
cocrystal can be analysed sufficiently well by helium 
pycnometry and digital image processing of 
photomicrographs of crystals immersed in a liquid 
of the same optical density. The phase purity is 
determined easily by Rietveld analysis of pXRD 
samples, and the chemical purity can be 
determined sufficiently well by HPLC and 1H NMR. 

 
RQ2: Which combination of solvent and 

temperature can produce compact crystals 
efficiently without the formation of solvates? 

A2: No solvent and condition combination could 
be found that enables one to cocrystallise CL-20 and 
HMX efficiently in general, and only few solvents 
(cyclohexanone, ACN and butane-2,3-dione) 
produce compact crystals. Of these solvents, ACN is 
the most beneficial despite its potential to form 
CL-20-solvates.  
 

RQ3: Which crystallisation method can produce 
high-quality cocrystal efficiently? 

A3: Given the inherent solubility difference 
between CL-20 and HMX, no established 
crystallisation method could efficiently produce 
high-quality coarse crystals, but by developing the 
new cocrystallisation method SBRC using 
solid-dosing coarse crystal of high-quality can be 
produced efficiently. 
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By answering all RQ, all necessary steps were 
undertaken to formulate a general procedure to 
work towards a scale up of a, based on the solubility 
data of the CF, presumed incongruent cocrystal. The 
procedure can be summarised in these few simple 
steps: 

• The first step in this process is to determine 
the required level of crystal quality.  

o If a higher level of crystal defects is 
acceptable, methods such as spray 
drying or batch RC are an efficient 
method of generating large 
quantities of material. 

o If higher qualities are demanded, 
the next step is to determine the 
solubilities of the CF in more detail. 
Furthermore, suitable analysis 
methods for this cocrystal system 
and the quality requirements must 
be identified. 

• If a solvent with sufficient solubility can be 
found that produces compact cocrystals 
and whose cocrystal phase region includes 
the stoichiometric solution composition, or 
a low material efficiency of the more 
soluble CF is acceptable, antisolvent 
cocrystallisation, cooling cocrystallisation, 
or similar techniques can be applied. 

• If no solvent can be found that exhibits a 
beneficial cocrystal phase region, SBRC is 
the only cocrystallisation method to date 
that can efficiently produce high-quality 
cocrystals when the CF are incongruently 
soluble. 

9 Outlook 
All WP have been concluded and all RQ answered. 

For WP1, further refinement of the analysis 
methods of the chemical purity and the phase 
purity can certainly increase the level of precision 
achieved, but for the present samples, the 
discriminatory power achieved is sufficient. For the 
crystal defect analysis methods, the enhancement 
of the density determination of samples on the 
laboratory-scale would require the acquisition of 
additional expensive hardware. This seems only 
reasonable, if much optimisation of crystallisation 
methods on the laboratory-scale must be carried 
out. But, the crystal and defect detection of the 
digital image processing can be honed easily. For 

now, more than half of the crystals detected had to 
be manually excluded after detection because of 
disturbances to the measurement. This can be 
greatly improved by stricter exclusion of fine 
crystals during sample preparation. Furthermore, 
by increasing the excluded edge area of the crystals, 
it should also be possible to minimise detection 
errors resulting from the flattened crystal vertices. 

The solubility determinations carried out for WP2 
produced strong evidence for the non-existence of 
a solvent that possesses a beneficial solubility ratio 
of CL-20 and HMX at least at temperatures below or 
around 333 K. At higher temperatures, CL-20 and 
HMX might be congruently soluble in some 
solvents, but most likely at these temperatures the 
decomposition of CL-20 will increase to 
unacceptable levels regarding both the crystal 
quality as well as the safety. Furthermore, such a 
solvent might only produce plate-like crystals, as 
only three of the ten solvents tested produced 
compact crystals. Solution or solid recycling are, 
thus, most likely more promising strategies than the 
search for another solvent or condition to augment 
the crystallisation method’s efficiency. 

Both the efficiency and the produces crystal 
quality of the solid dosing SBRC, developed during 
the work on WP3, can most likely be further 
enhanced by improving the crystallisation 
conditions described in chapter 7.2. A reduction of 
the crystallisation time is required. This does not 
only increase the time efficiency, but should also 
improve the crystal quality because of the reduction 
in CL-20 decomposition. This can be done by 
elevating the supersaturation during the process. 
The metastable zone width of around 1.4 allows a 
significantly heightened supersaturation compared 
to the conditions described. A rise in crystallisation 
rate of factor 10 should be achievable by raising the 
supersaturation to 1.3 based on the quadratic 
dependency of the crystallisation rate on the 
supersaturation. If the crystallisation time can be 
trimmed down to around 2 hours, the 
CL-20-efficiency can also be raised by recycling the 
mother liquor. By recycling the mother liquor twice, 
the efficiency can be boosted from 61 % to 82 %. 
The thermal load on CL-20 would then still be only 
about a quarter compared to the conditions 
described.  

Implementation of these improvements will 
elevate the usefulness of the methods for the 
scaled-up production of cocrystals and the quality 
analysis of crystals in general. 
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