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ABSTRACT 

 
 Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine (HMX) are two of the most commonly used secondary explosives in military and 

industrial applications.  For use as explosives, they are often formulated by mixing the crystalline 

material with a polymer binder to form a composite known as a plastic bonded explosive.  The 

performance of these materials can be affected by several factors, many of which depend on 

solid-state properties, e.g. sensitivity to detonation, detonation velocity and pressure, crystal 

density and crystal morphology.  Though widely studied, a detailed understanding of how the 

crystal growth conditions affect the properties of these compounds remains incomplete.   

 In this work, the crystal growth of RDX and HMX was explored using different solvent 

systems and a variety of self-assembled monolayer templates. Grown crystals were analyzed via 

diffraction, microscopy and spectroscopic techniques to determine phase, morphology and defect 

structure.  A number of important findings were made. 

 α-RDX growth morphology and defect structure could be modified though changes in the 

solvent.  Oriented growth of these crystals was accomplished using templates with different end 

functionalities.  The crystallization of the metastable form, β-RDX, was found to occur readily 

using drop cast crystallization methods.  Crystallization conditions that stabilized this form for 

longer periods than previously realized enabled the examination of its crystalline properties for 

the first time.  β-RDX crystals were found to be smaller and have a rougher surface topography 
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than α-RDX crystals.  Thermal analysis showed them to melt 15° lower than α-RDX.  β-RDX 

transformed to the thermodynamically stable α-RDX upon mechanical stimulation.  α-RDX and 

β-RDX decomposed differently in the presence of electromagnetic radiation. 

 HMX forms were found to crystallize concomitantly depending on the growth solvent used.  

Nitrogen rich templates were able to nucleate HMX crystals.  Crystals grown in the presence and 

absence of templates had qualitatively different types of defects.  The former had grain boundary 

defects, while the latter showed more lattice distortions. 

 These studies demonstrate that RDX and HMX exhibit different solid-state properties 

depending on the growth condition.  Understanding the intimate relationship between the growth 

conditions and the resultant properties is an important prerequisite to improving the performance 

of these compounds. 
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“Francie came away from her chemistry lecture in a glow.  In one hour she had found out that 
everything was made out of atoms which were in a continual motion.  She grasped the idea that 
nothing was ever lost or destroyed.  Even if something was burned up or left to rot away it did 
not disappear from the face of the earth; it changed into something else – gases, liquids, and 

powders.  Everything, decided Francie after that first lecture, was vibrating with life, and there 
was no death in chemistry.  She was puzzled as to why learned people didn’t adopt chemistry as 

a religion.” 
-A Tree Grows in Brooklyn (Betty Smith) 
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CHAPTER 1 BACKGROUND 
 

1.1 Introduction 

 

 The widespread use of crystalline materials has generated much interest in the study of their 

structures and growth processes.  Crystalline properties such as size, morphology, form and 

defect structure can influence the function of materials.  The control and understanding of 

growth processes can aid in the selection of crystals with desirable properties for a certain type of 

performance.  Crystalline materials are important to a wide range of fields: biology 

(biomineralization), materials (pigments, semiconductors), defense (energetic materials), drugs 

(active pharmaceutical ingredients), food (sugar, cocoa butter), as well as non-scientific studies 

e.g. the field of law, which has to differentiate crystalline forms in order to define patentable 

entities.     

 Crystallization, a multistep process, is normally regarded as an important separation and 

purification technique.  The process begins with nucleation, which is the beginning of the new 

phase.1, 2  The attachment of the crystal building blocks (i.e. atoms, molecules, assemblies or 

particles) from the growth medium (e.g. vapor, melt, solution, gel, plasma, etc. ) constitutes the 

growth phase.3 For most organic materials crystallization occurs in solution.  Since the 

prerequisite supersaturated solution is not at equilibrium, crystallization occurs in order to push 

the solution toward that state.2      

    Typical crystallization methods for organic small molecule crystals include slow evaporation, 

vapor diffusion, thermal gradation and seeding.  More advanced techniques to control crystal 

growth and properties have been developed over the years.  They include, but are not limited to, 
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the use of additives,4-13 gel matrices,14, 15 porous media16, 17 and polymer heteronuclei.18-22  The 

use of a variety of two-dimensional surfaces in order to control nucleation and subsequent crystal 

growth by chemical, epitaxial (geometric lattice matching between the crystal and the surface) 

and electrostatic interactions is a burgeoning area of research in crystal growth.  Ordered 

surfaces used for crystal growth include single crystals,23-26 Langmuir monolayers27-30 and self-

assembled monolayer templates (SAMs),31 using both Au-thiol SAMs32-45 and siloxane SAMs.46-

55  

 Using different crystallization methods, as well as variations on the same method, can yield 

crystals with a range of properties.  For instance, changing the growth solvent can change the 

crystal morphology and defect structure.  Discovering growth conditions which select for certain 

crystalline forms or polymorphs is an ongoing area of research.  Many of the newer 

crystallization techniques are developed to selectively grow certain forms, as well as to shed 

insight into the reasons why one form may be favorably grown.  The advancement of materials 

engineering requires a more thorough understanding of the links between crystal growth and 

specific desired physical properties. 

 The goal of this research is to study the crystal growth and solid-state properties of the 

energetic materials RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) and HMX (octahydro-1,3,5,7-

tetranitro-1,3,5,7-tetrazocine).  RDX and HMX are classified as secondary explosives and are 

widely used in industrial and military applications.  The performance of these materials can be 

affected by several factors, many of which depend fundamentally on the solid-state structure 

(e.g. sensitivity to detonation, detonation velocity and pressure, crystal density and crystal 

morphology).  Though widely studied for many years, a detailed understanding of how the 



3 
 

crystal growth environment affects the molecular properties of these compounds remains 

incomplete.  Understanding the intimate relationship between the growth conditions and the 

resultant properties is an important prerequisite to improving the performance of these 

compounds as military explosives and industrial tools.   

 In this work crystal growth of RDX and HMX is examined from various solutions, as well as 

in the presence of designer Self-assembled monolayer (SAM) templates to study RDX and HMX 

crystallization and the resultant solid-state properties are analyzed.  The next section provides an 

overview of energetic materials and the factors that influence their performance as explosives.  

The following three sections discuss crystalline properties which affect explosive performance, 

e.g. morphology (Section 1.3), defect structure (Section 1.4) and crystal form (Section 1.5).  

Theories behind the crystal nucleation and growth process are explained in Section 1.6 and a 

description of SAMs is presented in section 1.7. Finally an overview of the studies described 

here is found in section 1.8. 

 

1.2 Energetic Materials 

 Energetic materials include a variety of compounds that react rapidly to produce light, heat 

and gas.  They include propellants (gun powder and rocket fuel), pyrotechnics (fireworks and 

sparklers) and explosives.  These materials can be thought of as controllable storage systems for 

chemical energy.  Propellants and pyrotechnics release energy through relatively slow burning 

processes, while explosives release energy on the microsecond timescale.56  Energy release in 

explosives is derived from the rapid conversion of stored chemical energy into heat.  The amount 

of energy released is the difference between the energy content of the explosive composition and 
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the decomposition products.57  The ongoing development of these materials is a focus of research 

efforts worldwide.  For example, there are efforts to create pyrotechnics with reduced smoke or 

explosives with higher performance and reduced sensitivity.58  Chemically, energetic materials 

are molecules or formulations with a formation enthalpy as high as possible and with the 

capability of releasing (on demand and in a controlled fashion) the chemical energy stored 

within, in the absence of oxygen.59  These properties can be attributed to the fact that these 

materials can release energy at extraordinary rates.57 

 Even though the energy release rate is different for propellants, pyrotechnics and explosives 

they share chemical similarities and are often composed of the same ingredients.  These 

materials have numerous military and industrial applications though the vast majority are used 

for industrial purposes.  The widespread use of these materials shows a continuing need for their 

improved development.  In the optimal development of these systems a tradeoff in energy 

content, safety and cost is needed.56 

1.2.1 Overview of the Explosives RDX and HMX 

 This research focuses on the development of the energetic materials RDX and HMX (Figure 

1.1), two of the oldest and most widely used military explosives.  

 

Figure 1.1. Molecular structures of RDX and HMX. 
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 RDX and HMX are classified as high explosives due to the fact that they detonate instead of 

burn.  Both of these compounds are classified as secondary explosives, which means that they 

need an initiation source in order for detonation to occur.57  

 These materials derive their energy from oxidation of the carbon backbone.60  That is, the 

oxidizing N-NO2 groups react with the reducing CH2 groups.  Since the reacting groups are 

located on the same molecule, there is no mass transport limitation to the reaction rate.  This 

enables these explosives to release their energy at extraordinary rates.57  In order be a successful 

molecular explosive, such as RDX and HMX, the material must have a high energy content, 

good thermal and impact stability and the ability to readily crystallize.61 

 

1.2.2 Plastic Bonded Explosives 

 When RDX and HMX are used as military explosives they are most often formulated into 

plastic bonded explosives (PBXs).  This means that they are mixed in their solid-state crystalline 

form with a polymer binder and sometimes other ingredients to form a composite material.  A 

number of different types of ingredients can be added to the composite material.  They include: 

binders, plasticizers, bonding agents, production additives, curatives, burning rate modifiers and 

stabilizers.62  In the most common formulations a small amount of the explosive material is 

mixed with a polymer binder.  Table 1.1 lists some of the common formulations for RDX and 

HMX.  The performance of these PBXs depends not only on the solid-state properties of the 

crystalline RDX or HMX, but also on the interactions between the polymer binder and the 

explosive material.  In most cases, the mechanical properties of the PBX depend on the 

interactions of the binder with the surfaces of the explosive material.63 
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Table 1.1 Common PBX formulations of RDX and HMX.64 
 

Name Explosive 
Ingredient 

Binder 
Ingredient 

Usage 

A5 99% RDX 1% Stearic acid  
PBX 9010 90% RDX 10% Kel-F3700 High velocity, nuclear weapons 
PBXN-106 RDX Polyurethane rubber Naval shells 
C4 91% RDX 9 % Polyisobutylene   
PBXN-3  RDX Nylon AIM-9X Sidewinder Missile  
PBXN-5 95% HMX 5% fluoroelastomer Naval Shells 
LX-04-1 85% HMX 15% Viton-A High velocity, nuclear weapons 
PBX 9501 95% HMX 2.5% Estane 

2.5% BDNPA-F 
High velocity, nuclear weapons 

 

1.2.3 Factors which Influence Explosive Performance 

 Factors which influence the performance of explosives include sensitivity to detonation, the 

detonation velocity, the detonation pressure, the crystal density, thermal and shock stability and 

burn rate behavior.65, 66  These properties are known to be affected by crystalline properties such 

as size, morphology and defect structure.66  

 For example, the crystal size and morphology have been shown to affect the sensitivity and 

detonation properties of the explosive.67  It has been observed that smaller crystals are generally 

less sensitive than larger ones.  Another factor that affects the performance of an explosive is the 

packing density, which is largely determined by the particle shape.  A higher packing density is 

considered to be more desirable, as it yields higher explosive power in a smaller volume.  

Generally, a higher packing density is obtained in prismatic crystals as opposed to plates or 

needles.68  Differences in crystal morphology can also change the interactions between the 
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explosive compound and the polymer binder leading to differences in detonation pressure and 

velocity.69  

 The defect structure of the crystal has a significant influence on the sensitivity of the 

material.66, 70  The commonly accepted theory is that initiation of the explosive arises from “hot 

spots” in the crystal due to mechanical stimulus at crystalline defects.67, 71  Thus, the controlled 

growth of crystals that have fewer or different types of defects can reduce the overall sensitivity 

of the material.  

 The density of RDX and HMX crystals can affect the detonation velocity of the explosive as 

seen by the equations below:64  

           (1) 

         (2) 

where D is the detonation velocity (mm/µs), A is 1.01, B is 1.3, K is 15.85, N is moles of gas per 

gram of explosive, M is mean molecular weight of the gas (g), is the heat of detonation 

(cal/g),   is the density of the explosive (g/cm3), and  is the detonation pressure (kbar). 

 Different crystal forms of these compounds (known as polymorphs, section 1.5.1) have 

different densities ( ) and therefore the form used in the PBX can influence the explosive 

properties.  In general the highest density form is preferred in weapons development.   In 

addition, different crystal forms are known to have different sensitivities.  For example, it has 

been shown for HMX that the δ form is more impact sensitive than the β form.69  Thus, the 

differences in the crystal forms can lead to alterations in the stability and performance of the 

composite material.72   
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 The next three sections give an overview of the crystal properties that are known to 

significantly affect the performance of energetic materials: crystal morphology (Section 1.3), 

crystalline defects (Section 1.4) and crystal form (Section 1.5).  While RDX and HMX have been 

used for many years, basic research into how the crystal growth of these compounds affects their 

properties remains incomplete.  This research attempts to fill in the gaps of that knowledge to 

further the development of these materials for both industrial and military purposes.   

 

1.3 Crystal Morphology 

 Crystal morphology has a strong influence on the physical properties of a material.  This 

property affects end product quality and functionality, as well as downstream processing events 

in a variety of industries.  Crystal morphology can affect the bioavailability of pharmaceutical 

compounds and the dissolution rate of chemicals.73  The coatings and pigment industry relies on 

the preparation of homogeneous particles with similar sizes and morphologies.73-77  As noted 

above, crystal morphology also plays an important role in the performance of PBXs.63, 69  As 

such, major efforts have been focused on the prediction of crystal morphology from different 

crystallization conditions in order to direct experimental approaches.75, 77-84   

 Many different terms are used when discussing crystal morphology, which can lead to 

confusion. The terms “habit” and “morphology” are used interchangeably and refer to the 

external shape of the crystal (planes) without reference to the internal crystal structure.85, 86  The 

term “form” is often used interchangeably with the above terms as well, although an important 

distinction exists: Form, which comes from the Greek morph, refers to the internal crystal 

structure.65  In this work, “form” will be used to refer to polymorphic forms of crystals (those in 
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which the internal crystal structure differs) see section 1.4 for more details.  “Habit” describes 

the overall crystal shape without reference to the faces present, while “combination of faces” 

describes the faces present in the crystal.  It is possible for different crystals to have the same 

overall habit but different combinations of crystal faces, and vice versa [i.e. crystals with the 

same combination of faces, but different habits (Figure 1.2)].86 

 

Figure 1.2. Comparison of crystals with (a) the same combination of faces, but different habits 
and (b) the same habit, but different combinations of faces. 

  

 Crystal morphology is defined by Miller indices.  They define the orientation of the surface in 

relation to the unit cell.85 In assigning specific values (Miller Indices), each face is designated by 

three numbers (hkl).  These numbers correspond to the inverse of the intersections of that face 

with the three crystallographic axes, a, b and c.85, 87  For example the face with miller indices 

(100) cuts the a-axis at one unit length, but does not intersect the b and c axes.  The plane runs 
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parallel to these axes and so the intercept is defined as infinity, the reciprocal of zero.  Higher 

order indices means that the intercept is cut in smaller fragments.  Thus, the (020) index indicates 

that the crystal plane intercepted the b-axis at 0.5 unit length.   

 Different types of brackets encasing the hkl values have different meanings.  (hkl) refers to a 

specific crystal face, while  [hkl] refers to a direction in the lattice, perpendicular to the (hkl) 

face.  {hkl}  refers to a set of symmetry related faces all having the same surface structure.  The 

number of planes included will depend on the particular crystal and its symmetry.  For example a 

cubic crystal {100} includes (100), (010), (001), (-100), (0-10) and (00-1), but a triclinic crystal 

may only include (100).85, 87 

 The morphology of a crystal is determined by the symmetry of the internal crystal structure 

(the point group symmetry of the crystal form) and the relative growth rates of the faces 

bounding the crystal.  The growth rates are in turn related to the energy of the growth unit 

attachments to the crystal surfaces.85  Crystal morphology is geometrically constructed from the 

center of a crystal to the respective crystal faces {hkl}.  This is performed by drawing planes 

with an orientation {hkl} which have a distance from the center proportional to the growth rate, 

.73, 88  From this description, it follows that the fastest growing faces are positioned far from 

the center and therefore have the smallest surface area.  The slowest growing faces are positioned 

closer to the center and have the largest surface area.  Thus, most theories conclude that the 

slowest growing faces are most important in determining crystal morphology.81, 84, 85, 89   

 This point, however, has been contested by Prywer,90 who concludes that the morphological 

importance of crystal faces is not inversely proportional to their growth rates.  This is because 

the largest crystal face does not necessarily correspond to the slowest growing face, and the fast-
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growing faces can bound the crystal.  Prywer reaches this conclusion by deriving an equation 

where the size of a crystal faces depends not on only on its growth rate, but also on the growth 

rate of its neighbors and their interfacial angles with the given face.90  Nonetheless, most models 

for crystal morphology rely on the assumption that the slowest growing faces are the most 

morphologically important.   

 The Bravais-Fridel Donnay-Harker (BFDH) method is based only on the symmetry of the 

crystal lattice.  This model uses crystal lattice and space group symmetry to calculate the 

interplanar distances of the crystal faces with low {hkl} values.   This method states that the 

larger the interplanar spacing, dhkl, the slower the growth rate and the higher the morphological 

importance of the face.  That is, the relative growth rate,  is inversely proportional to the 

interplanar distance (Equation 3).74, 77, 91, 92 

            (3) 

 From this model, an ordered list of possible growth faces can be produced, reflecting the 

weakest interactions between the adjacent dhkl layers.74 

 In order to account for bonding to occur within the crystal structure and at the crystal 

interface, Hartman and Perdok refined the BFDH law to take into account attachment energy in 

morphological modeling, known as the HP theory.  This model is based on the existence of one-

dimensional periodic bond chains (PBCs) in a crystal structure. PBCs define interactions 

occurring between growth units during the crystallization process.  This theory distinguishes 

between three types of crystal faces: kinked faces (K-faces), which have no PBCs parallel to the 

face; step faces (S-faces), which have a single PBC parallel to the face; and flat faces (F-faces), 
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which have two or more PBCs parallel to the face.  A growing crystal is bounded by F-faces and 

its relative growth rate is proportional to the attachment energy,  (Equation 4).74, 88, 91, 92 

             (4) 

 The attachment energy is defined as the energy released per structural unit as the crystal slice 

(hkl) attaches to the crystal surface from infinite distances.  It is half of the energy defining three-

dimensional crystallization energy Ecr.  The second half is the two-dimensional lattice energy of 

the crystal slice (hkl), .  These are related by Equation 5: 

     Ecr =   +  = constant     (5) 

 The crystallization energy, Ecr is a constant amount of energy released when a growth unit 

enters the crystal.  The  is the energy released upon the formation of a slice of thickness 

dhkl.   is generated as the newly formed slice attaches to the crystal surface.74, 77, 88, 91, 92 

 Under very slow crystal growth conditions, the crystal shape is determined by 

thermodynamics.  This equilibrium morphology is defined as the minimization of the surface 

free energies of all faces and their corresponding area (Equation 6).86, 91, 93 

      = minimum      (6) 

where  is the surface free energy of face i and A is the corresponding area of face i.   

 These crystals have regular geometric morphologies which reflect the symmetry of the 

internal crystal lattice.  Since crystal growth is generally a non-equilibrium process, this 

morphology is not usually produced.  The exception occurs when the crystal is given sufficient 

time in a saturated solution where solvent-mediated dissolution and regrowth processes can take 

place.  This allows for transformation of the crystal to a regular geometric form.76, 85, 86   
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 The use of models to predict the equilibrium morphology of a crystal is beneficial in crystal 

growth studies.  These vacuum morphologies can be compared to those seen from crystallization 

experiments, in particular, those that take place under non-equilibrium conditions.  This provides 

insight as to what factors affect the crystallization process.  This can be performed by using 

either the BFDH model as the equilibrium morphology or the HP method to determine the 

corresponding surface energy values γhkl.  Thus, the shape that minimizes, at a constant volume, 

the total surface energy of the crystal is determined.74 

 Crystal morphologies are more typically determined by kinetic factors.  This growth 

morphology can be influenced by a variety of external factors.  These factors include 

concentration of solute, temperature, solvent and presence of impurities.83, 85  Solvent has been 

hypothesized to affect the crystal morphology in either of two ways.  The first theory asserts that 

favorable interactions between the solvent and a specific crystal face leads to reduced interfacial 

tension, which causes a transition from a smooth to a rough interface and faster surface growth.  

The second theory proposes that preferential adsorption of the solvent molecules on specific 

surfaces inhibits crystal growth as it creates an additional energy barrier.  This slows the growth 

at these faces and they become more morphologically significant.11, 94   

 In the case of acetaminophen (p-hydroxyacetanilide, paracetamol), a study was performed 

using solvents with different hydrogen bonding potentials.  The study showed that that the 

hydrogen bonding potential of the solvent significantly affected crystal morphology.  In 

particular, growth of the {001} and {110} faces was significantly slowed presumably due to 

hydrogen bonding with the solvent at those crystal/solvent interfaces.  The reduction of growth 

rate for those faces increased their significance in the overall crystal morphology.95   
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 In a second example, DL-alanine was crystallized from mixed solvents of water and isopropyl 

alcohol.80  The crystal aspect ratio increased directly proportional to the relative volume of the 

organic solvent.  When the solvent mixture was changed to water and ethanol, an even higher 

aspect ratio was seen.80  In a similar study, α-glycine growth in 1:1 methanol and water solvent 

showed that the presence of methanol leads to more well-developed (010) faces as compared to 

those grown from aqueous solutions.79    

 Similarly, when additives or impurities are absorbed onto specific crystal faces, growth at 

these faces is inhibited (Figure 1.3).7, 9-11  These findings have led to the study of “tailor-made 

additives,” which, in principle can select for growth of desired crystal morphologies.9-11  Chiral 

additives may bind stereoselectively to crystal faces.  This can help determine absolute the 

configuration of chiral polar crystals or absolute configuration of impurities through 

morphological changes induced on enantiotropic faces of centrosymmetric crystals.9, 12   

 

Figure 1.3. Effect on morphology of the interaction of an additive with a crystal face. 

 

 One of the most often cited examples is glycine growth in the presence of a single 

enantiomeric form of an additive molecule.8  In this case, the bipyramidal form of the glycine 
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crystal is modified to a pyramidal shape.  However, in the presence of a racemic additive, the 

shape of crystal becomes rectangular and plate-like.   This is due to stereoselective absorption of 

R & S additives on the (010) or (0-10) faces, respectively.  In the case of the racemic additive, 

absorption and inhibition of growth occurs on both faces.8  In a biomineralization example, 

aspartic-acid rich mollusk shell proteins specifically interacted with faces of calcium salts of 

dicarboxylate acid crystals in which the carboxylate groups are oriented perpendicular to the 

face.  In this way it can optimally complete coordination around protein bound calcium ions.10 

 In an effort to bridge these experimental results with theory, much emphasis has been placed 

on the advancement of modeling techniques.  The goals are to account for these variables and to 

understand their affects in predicting crystal morphology.77  Molecular dynamic simulations, 

along with experimental and calculated morphologies, were used to understand the role of 

solvents in the crystal growth and morphologies of DL-alanine crystals.80  The role of solvents 

and solvent mixtures in crystal morphology was predicted by using Extended Interface Structure 

Analysis (EISA).  EISA is based on molecular simulations and theoretical thermodynamic 

analysis of the interfacial layer.79  The use of surface-specific, grid-based molecular modeling 

has also been used to predict solvent-dependent crystal morphologies of aspirin from water and 

ethanol solutions.96   In consideration of additives’ effects on morphology, molecular modeling 

was used to study the mechanism through which L-alanine (a tailor-made additive) disrupts the 

growth and modifies the morphology of glycine crystals.5 

1.4 Crystalline Defects 

It is well known that defects affect the properties of crystalline materials such as bulk and 

surface reactivity, phase transitions, electrical charge transport,  as well as optical, magnetic and 
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mechanical behavior.97 The effects of defects on mechanical properties is one of the most 

important considerations for secondary explosives.  The sensitivity of the explosives has been 

shown to be affected by the defects in the crystalline material.70  It is widely believed that 

initiation of the explosive occurs at defect sites, or “hot spots” in the crystal, and are due to the 

interaction of a mechanical stimulus with the crystalline defects.67, 71  Therefore, an 

understanding of the defect structure of these crystals is important in enhancing the safety and 

performance of these materials.   

Defects are deviations in the perfect periodicity of a crystal.66  They are classified 

according to the number of dimensions they occupy in space within a crystal compared with 

interatomic distances in the material lattice.98  Point defects are the smallest type of defect and 

are of atomic/molecular dimensions.  These defects can occur in three types; impurity atoms 

(which replace atoms of the material), vacancies (in which a lattice site is unoccupied), and 

inclusions or interstices (where extra atoms or molecules are included between sites of the crystal 

lattice) (Figure 1.4a).98  These defects are known to move across the crystal during detonation as 

the shock wave progress across the solid.  Depending on the conditions of the shock wave they 

either move towards the compressed region (known as the Gorsky effect), or away from the 

compressed region (inertial diffusion).99  Under dynamic loading, the pores (vacancies) have 

been shown to collapse.  This is one mechanism by which “hot-spots” form.100 
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Figure 1.4. Schematic showing (a) point defect, (b) dislocation and (c) grain boundary. 
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Linear defects are known as dislocations.  They glide on preferred planes (typically close 

packed ones) and in doing so cause plastic strain.  The displacement that an individual 

dislocation causes is defined by a Burgers vector (Figure 1.4b).101  To visualize this two vectors 

are used, the first is the direction along the dislocation line 1  and the second is the Burgers vector 

b, which defines the magnitude and direction of the dislocation line.  The angle between 1  and b 

defines different types of dislocations.  For example, an edge dislocation is when 1  and b are at 

right angles and a screw dislocation is when 1  and b are parallel.98  Mixed dislocations are also 

possible.   Two-dimensional area defects, found mostly at interfaces, are generally one surface of 

a volume defect (which is discussed next).  They may consist of grain boundaries and twin 

boundaries.98 

Finally, three-dimensional volume defects differ from the rest of the crystal in structure, 

orientation or composition.  Those that differ only in orientation are known as grain boundaries 

(Figure 1.4c).  Twin boundaries are a special case, since their orientations are related to the 

lattice by a symmetry operation.  If the majority of the material consists of grain boundaries of 

various orientations, the material is polycrystalline.  If variations from the orientation matrix are 

less than one degree, the material is a single crystal that has a mosaic spread.98  

Different types of defects can be identified in X-ray topography (XRT).  This work is 

primarily concerned with grain boundaries and dislocations that can be shown by orientation and 

extinction contrast in XRT.  This is discussed in section 2.3.4 which explains the theory of 

XRT.102 
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1.5 Crystal Forms 

 There are a few specific types of crystalline materials that are commonly referred to in solid-

state chemistry.  Polymorphism (Section 1.5.1) refers to differences in the packing arrangements 

of crystal forms.  Crystals, which contain solvent molecules from the crystal growth solution in 

the lattice, are called solvates.  If there is water present in the crystal lattice it is referred to as a 

hydrate.65, 103 

1.5.1 Polymorphism 

 Polymorphism is the ability of a compound to adopt at least two different arrangements in the 

solid-state.  Bernstein describes polymorphic systems as “crystal structures that are different but 

lead to identical liquid and vapor states.”65  Since each polymorph has a different structure, each 

form can be considered a unique material and has its own physical and chemical properties.  

These properties include solubility, morphology, density and stability.103, 104  These properties 

lead to different applications and utilization of the solid state crystalline materials.103 

 The systematic study of polymorphism is important to many industries which manufacture 

crystalline substances such as drugs, pigments, food additives and energetic materials.65, 103, 105  

In these industries, different polymorphic forms exhibit varying properties, which can change the 

function of the material.  For example, different forms of food additives have different melting 

points, which affect how the food is manufactured and sold.  Likewise, crystal forms of a 

pharmaceutical compound can have different solubilities affecting the bioavailability of the drug 

compound and, therefore, its overall effectiveness as a medicine.65  The ability to selectively 

nucleate and grow a preferred form of a polymorphic compound is an ongoing area of research.  
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 There are several terms used to describe polymorphs.  Concomitant polymorphs are 

polymorphs that crystallize simultaneously.  They are sometimes able to be distinguished in 

batches of crystals that have variable or diffuse melting points, inconsistent physical properties,  

or different colors and shapes.104  Molecules that are able to rapidly interconvert – that is 

undergo structural rearrangement or tautomerism in solution or the gas phase – can form 

polymorphs which are called tautomeric polymorphs.103  Molecules that have conformational 

flexibility presumably have a greater number of structural options.  They give rise to crystal 

forms that not only differ in their packing arrangements, but also in their molecular 

conformations.  These polymorphs are known as conformational polymorphs.103, 106   

 

1.5.1.1 Thermodynamics and Kinetics of Polymorphs 

 The interplay between thermodynamics and kinetics is often the determining factor for 

polymorph selection.  In molecular crystals, the free energy difference between polymorphic 

forms is small – at most a few kcal/mol.  The free energy of a form depends mainly on 

temperature, due to the entropic contribution to the free energy (Equation 7)107 

      G = H – TS      (7) 

where G is the Gibb’s free energy, H is the enthalpy, T is the temperature and S is the entropy.  

The form with the higher entropy will tend to become the more thermodynamically stable form 

as the temperature is raised.107 

 Thermodynamics states that the crystal with the lowest free energy (greater negative energy) 

is the most stable.  However, this can be overcome in the short term if the kinetics of the system 

dictates some forms that crystallize more quickly.104  The lowest energy (stable) form might have 
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a higher activation energy (barrier to nucleation) than the higher energy (metastable) form.  In 

this case, nucleation of the metastable form is favored even though it is not the most stable form 

(Figure 1.5).  In some cases, the metastable form can convert to the stable form over time.108  

This concept is described in Ostwald’s Rule of Stages, which says that the kinetic form 

crystallizes first and then transforms into the thermodynamic form.65, 109 

 

Figure 1.5. Energy (G) versus reaction coordinate profile for two different crystal forms. 

 

 As mentioned, a metastable polymorph can sometimes transform into a more stable form.   A 

brief discussion of types of these transformations is below (Section 1.5.2.2).  When two 

polymorphic forms are almost energetically equivalent, they are able to nucleate and grow 

simultaneously, resulting in concomitant polymorphs.104, 108   
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1.5.1.2 Transformations of Polymorphic Forms 

 Transformations between polymorphs in the solid state are often described in terms of 

monotropic and enantiotropic systems.  In a monotropic system, the free energy of one form is 

always greater than the free energy of the second form in relation to their respective melting 

points.  In this system, the higher energy form can undergo an irreversible transition to the lower 

energy form.  One polymorph will always have the lowest solubility.  In an enantiotropic system, 

the free energy of the two forms intersects below the melting point of either of the forms.  At this 

intersection (the thermodynamic transition point), the energy of both forms is identical, and they 

are able to coexist.  In this type of system, the polymorphic transformation is reversible, and the 

relative solubility of each form is temperature dependent.65, 108 

 Polymorphic transformations occurring in the solution phase do so with the dissolution of the 

metastable phase and the rearrangement of the molecules into a more stable phase.  The 

nucleation of the more stable phase is the important feature in this type of transformation and can 

be facilitated on the surface of the metastable polymorph.108  Transitions occurring in the solid 

state often show a high degree of hysteresis, and heating may be necessary to see signs of a 

phase transformation.   

 One type of transformation is order-disorder, where the high temperature and the low 

temperature phase have essentially the same molecular arrangement.  They differ only by an 

increase in apparent molecular symmetry due to an increase in crystal disorder.  In a second type 

of transformation, defects in the initial crystal structure may be necessary for initiating 

nucleation of the new phase.  Transformation can also be induced by mechanical means for 

instance, scratching the surface of a crystal with a pin, which introduces defects, triggering the 
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transformation.107  Finally, in some cases, the transformation is virtually instantaneous and can 

causes the crystals to physically “jump.”107 

 In examining polymorphic systems, it is important to understand the structural similarities and 

differences between the two forms, the interplay between thermodynamic and kinetic factors, 

and the crystal growth unit and packing arrangement.  With this information, one can attempt to 

select for specific polymorphic forms and crystal properties.109   

 In order to change the resultant crystal properties of a material, the crystal nucleation and 

growth processes are affected.   The following section describes the current theories behind these 

processes. 

 

1.6 Crystal Nucleation & Growth 

 The quality and resultant properties of a crystalline material are strongly influenced by the 

crystallization process.110  This process is a first order phase transition: a new phase is generated 

from an old one, usually a liquid, which has a higher free energy.111  The driving force for this 

process in a supersaturated solution, Δµ, is the desire to reach equilibrium.  Supersaturation is 

commonly expressed by the difference in concentration between the supersaturated and saturated 

solutions.  It can be represented by Equation 8 which shows the difference between the chemical 

potential of the supersaturated solution and the solid crystal face.112   At high supersaturation 

levels the old phase becomes unstable, allowing for the generation of the new phase with a tiny 

fluctuation of an order parameter.113   

     Δµ = (Gold – Gnew)/M = µold -µnew     (8) 
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where Gold is the higher Gibbs free energy,  Gnew is the lower Gibbs free energy and M is the total 

number of molecules in the system.  µold  and µnew are the chemical potentials of the old and new 

phases.  Physically, Δµ is the gain in free energy per molecule associated with the transition from 

higher energy to lower energy.111  

 Crystallization is a complex process occurring in several stages.  The first stage is the 

formation of non-equilibrium conditions, a supersaturated solution.  The next stage is the 

aggregation of the molecules in the solution (concentration fluctuations) and the subsequent 

formation of nuclei.  In the final stage, crystal growth occurs with the incorporation of growth 

units on the surface of the previously formed nuclei.114, 115  The next sections will explore in 

detail each of the crystallization stages, as well as discuss how the crystallization process 

influences crystal morphology and crystal growth. 

 

1.6.1 Theories of Nucleation 

 As the first stage in the crystallization process, nucleation defines the initial population of 

crystals and the crystal form and determines the initial state of successive processes.  Nucleation 

is therefore the stage with the most influence on the product quality.110, 114, 116  The rate of 

nucleation is especially influential because fast nucleation leads to the formation of many 

crystals simultaneously.  This depletes the medium of solute and results in an early cessation of 

growth at the later stages of crystallization.  Thus, fast nucleation yields similarly sized crystals. 

In comparison, slower nucleation results in the formation of fewer concurrently nucleating 

crystals and leads to crystals of more varying size.117  
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 There are several mechanisms by which nucleation can occur.  Primary nucleation takes place 

in the absence of any previously grown crystalline surfaces.  In contrast secondary nucleation 

takes place on a previously grown crystalline surface.2  Homogeneous nucleation, which forms 

the basis for several nucleation theories, occurs rarely in practice.  It is the nucleation from a 

pure supersaturated solution or melt where no foreign substance or surface exists, such that the 

nucleation is aggregates of pure solute molecules.108, 118  Heterogeneous nucleation occurs when 

aggregates of solute molecules form in conjunction with other types of molecules in the system.  

Normally, this is due to impurities in the system.  However, many advanced crystallization 

techniques are built around the use of a foreign substance to induce nucleation and crystal 

growth.2 

 There are two theories that are widely used to describe the nucleation process.  Classical 

nucleation theory (CNT) (originally developed to explain condensation of a vapor into a liquid) 

is the simplest and most widely used.1, 114  The thermodynamic description of this theory was 

developed by Gibbs at the end of the 19th century.114, 117   In this description, the free energy 

change required for cluster formation (ΔG) is the sum of the free energy change for the cluster 

volume (ΔGv) and the free energy change for the cluster surface (ΔGs).  ΔGv describes the 

spontaneous deposition from supersaturated solution.  Since this deposition is more stable than 

the liquid, ΔGv is negative, and the Gibbs free energy of the system decreases.  ΔGs describes the 

free energy of the solid/liquid interface.  Since this interface increases the free energy by an 

amount proportional to the surface area of the cluster, ΔGs  is positive.  The result is that the 

growth of clusters depends on the competition between the decrease in ΔGv and the increase in 

ΔGs (Figure 1.6).  When ΔGs dominates (at small radii), dissolution can occur.  As the cluster 
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increases in size, the total free energy achieves a maximum at a critical size rc.  Above this size 

the total free energy decreases, crystal nuclei form and  growth becomes favorable.  In other 

words, ΔGcrit is the barrier that must be overcome for crystal formation.  Clusters formed which 

are smaller than rc have an increase in free energy and are unfavorable.  Clusters formed that are 

greater than rc, (due to fluctuations of the growth medium), have a decrease in the free energy, 

and growth occurs spontaneously.  Clusters equal in size to the rc have an equal chance for 

growth or dissolution.114, 117 

 

Figure 1.6. Free energy diagram for nucleation. 

 The equation which models the previous discussion of the Gibbs free energy required to form 

a cluster of a given radius is: 

    ΔG = 4πr2σ - (4πr3/3Vm)RTln(1 + S)     (9) 

where r is the cluster radius, σ is the solid-liquid interfacial tension, Vm is the specific volume of 

solute molecules and S is the supersaturation ratio.  The first term, (4πr2σ ), is ΔGs, and the 
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second term, ((4πr3/3Vm)RTln(1 + S)),  is ΔGv.86  As the supersaturation increases, the critical 

radius decreases, increasing the likelihood of nucleation.86 

 Kinetic parameters model the steady-state nucleation rate J, the number of nuclei formed for a 

unit volume per unit time and can be expressed in the form of the Arrhenius reaction rate 

equation as114, 117 

      J = Aexp (- )      (10) 

where k is Boltzman’s constant and A is the pre-exponential factor.114, 117  External factors which 

affect the nucleation rate include temperature, concentration, pressure, and solution 

supersaturation.117  Furthermore, classical nucleation theory (CNT) is based on certain 

assumptions, simplifying the description of this process.114  Perhaps one of the most troubling 

assumptions of CNT for crystallization from solution is that the solute molecules exchange 

directly with the growing crystal and modeling of the structure of aggregates leading from the 

solution to the solid crystal is not considered.  Size is the only criteria for whether aggregates 

become nuclei or not, and order parameters are not taken into account.114, 117  To account for 

discrepancies between CNT and experimental studies, an alternative mechanism of crystal 

nucleation has been proposed.  In this theory nucleation takes place in a two-step mechanism. 

 In the two-step theory of nucleation, the first step is the formation of a dense liquid, 

metastable with respect to the crystal.  The second step is an ordering within this droplet that is 

the critical nuclei from which the crystal grows (Figure 1.7).113 

€ 

ΔGcrit

kT



28 
 

 

Figure 1.7. Model of the two-step nucleation theory. 

 

 Originally proposed to explain experimental results seen for the growth of protein crystals, 

this two-step mechanism has also been applied to the crystallization of small molecules.113, 117  In 

the first step, a density fluctuation occurs, causing unordered aggregates of solute known as a 
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quasi-droplet.  In the second step, a structure fluctuation occurs for the material in the quasi-

droplet, leading to the ordering of the aggregates.  This fluctuation then forms the crystalline 

nuclei.  Thus, the formation of nuclei from solution can be viewed as a transition of the density 

order parameter followed by a transition of the structure order parameter.113, 117 

 There are now two energy barriers, which much be overcome in the nucleation process 

(Figure 1.8).  In the most likely scenario, the dense liquid is metastable as compared to dilute 

solution and thus has a higher free energy.  The creation of the metastable liquid is the first 

energy barrier.  The conversion from the dense liquid to an ordered cluster, where crystal 

nucleation occurs is the second energy barrier.117  The limiting step in this two-step process is 

proposed to be the structuring of the dense liquid, i.e. the creation of the metastable liquid.119 

 

Figure 1.8. Free energy ΔG of the two-step nucleation mechanism. 

 The biggest difference between CNT and two-step nucleation theory is that the two-step 

theory includes the existence of unordered aggregates prior to the formation of an order nuclei.  

In this way, nucleation can be controlled by either shifting the phase region of the quasi-droplet 

or by facilitating structure fluctuations in the quasi-droplet.113 
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 While these theories of nucleation imply a homogeneous nucleation mechanism (as 

previously discussed), the use of heterogeneous nucleation techniques is popular in crystal 

growth studies due to their potential to induce nucleation at lower supersaturation than 

homogeneous nucleation (by lowering the value of ΔGcrit).85  Many advanced crystallization 

techniques, such as the use of self-assembled monolayer templates or the use of polymer 

heteronuclei, employ heterogeneous nucleation as a way to induce the growth of crystals with 

different properties.  In this study, designer self-assembled monolayer templates were used as a 

heterogeneous nucleation mechanism in order to induce crystallization and affect the crystal 

properties of RDX and HMX.   

 

1.6.2 Crystal Growth 

 The next stage in the crystallization process is crystal growth by addition of solute molecules 

from the supersaturated solution to the stable nuclei.  The study of the growth mechanism is 

described in conjunction with a particular crystal face (plane).  This is important for a variety of 

reasons.  The first, it provides a specific linear direction for the growth.  Second, different crystal 

faces can grow at different rates, changing the growth over different parts of the crystal.  This 

can be due to the fact that each face has a different arrangement of molecules on its surface.  

These variations in arrangements can react differently to the addition of a growth unit (solute 

molecule) or to any impurities.2, 85, 86 

 The growth rate of a crystal face, measured perpendicular to that particular face, can be 

modeled by the equation:  

      R = (h/l)v      (11) 
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where v is the step velocity, l is the characteristic spacing between the steps and h is the step 

height.  Thus, h/l refers to the mean step density.  This equation can be varied slightly for the 

different layer growth mechanisms discussed below.3 

 In order to incorporate a growth unit, the crystal surface must have an appropriate site to 

which it can attach.  The surface structure of a growing crystal has a few sites where this is 

possible (Figure 1.9).  

 

Figure 1.9. Surface of a growing crystal showing a terrace site, step site and kink site. 

 

 The terrace site has a smooth surface.  A molecule incorporating into this type of site can only 

bond to one surface site at a time.  The step site provides two simultaneous sites for bonding, 

while the kink site provides three.  From an energetics point of view, incorporation at the site 

with the most bonding sites is the most favorable. This means that in most growth mechanisms, a 

growth unit is absorbed onto the crystal’s surface and diffuses along the surface until it is 

incorporated in the crystal at a step or kink site.  Kink sites are favored because adding and 

removing a molecule from them does not change the number of kink sites.85, 86  
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 There are a variety of energy barriers which the incorporating growth unit has to overcome as 

it transfers from the solution and bonds to the crystal surface (Figure 1.10).  The first energy 

barrier is the desolvation of the growth unit from the solvent ΔGdesolv.  As the growth unit enters 

the crystal layer, diffusion across the surface creates another energy barrier, ΔGsdiff.  Finally, it 

undergoes further desolvation in order to enter a kink site on the surface, ΔGk.3 

 

Figure 1.10. Free energy barriers a growth unit has to overcome during crystal growth. 

  

 Once one layer is fully formed, the continuation of crystal growth depends on the formation 

of a new layer.  This requires two-dimensional surface nucleation which must overcome a Gibbs 

free-energy barrier to form the new layer.86  

 There are several theories on methods of forming a new layer that take into account different 

levels of supersaturation.  At the lowest supersaturation level, a theory proposed by F. C. Frank 

suggests that the nucleation begins at screw dislocations on the crystal surface in a spiral 

mechanism.3, 86  In this mechanism, the screw dislocations on the crystal surface provide a source 



33 
 

of regenerating step sites to which new growth units can be incorporated.  This causes the steps 

to move out in a direction parallel to the surface.  As these steps move, they create another step 

site in the layer above the original one.  This enables growth to continue and leads to a spiral 

mechanism.73  Alternatively, growth from medium to high supersaturation levels can be 

described by two-dimensional island nucleation theory.  In this theory a dense droplet of liquid 

material lands on the crystal surface.3  Crystal growth occurs due to the formation of critical 

sized 2D nuclei.  These nuclei are formed when individual growth units absorb onto the crystal 

face and then agglomerate.  Once the crystal face has grown larger than its critical size, it 

becomes thermodynamically favorable for growth units to attach to the nuclei spreading the 

growth across the whole face.3, 73  Additional factors such as occlusions of solution or the 

imperfect incorporation of microcrystals onto larger crystalline surfaces may also be important, 

as they introduce defect sites in the materials.3  

 

1.6.3 Crystal Growth at an Interface 

 By definition, crystal growth at an interface is a form of heterogeneous nucleation (Section 

1.6.1).  As previously mentioned, many advanced crystallization techniques involve the design of 

nucleation sites in order to encourage crystallization of a material with desired properties.2  This 

is due to the fact that, energetically speaking, heterogeneous nucleation is beneficial.  For a fixed 

supersaturation, the energy barrier ΔGcrit is lowered by decreasing the surface energy of the 

prenucleation aggregates.30, 120  121  There are many ways in which the interface properties can 

affect crystal nucleation and growth.  Interactions between the interface and newly forming 

aggregates can range from nonspecific adsorption to favorable molecular interactions to 
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geometric matching (epitaxy) between the crystallizing molecule and the interface.30, 121  Surface 

morphology (size) has also been known to play a role in controlling nucleation kinetics. For the 

sake of simplicity, two main categories of interface properties that affect crystal growth will be 

discussed: changing the surface energy and changing the surface symmetry. 

 The surface energy can be indirectly calculated by contact angle measurement based on 

Young’s equation.121, 122  According to this equation (Equation 12), the contact angle, θ, can be 

calculated from the interfacial free energies γnl, γsl, and γsn .121 

     Cos θ =       (12) 

These interfacial free energies γnl, γsl, and γsn represent the liquid-nucleus, liquid-solid and solid-

nucleus interfaces between the nucleus and substrate (Figure 1.11). 

 

Figure 1.11. Arrows showing the forces at the (a) liquid-nucleus interface, (b) liquid-solid 
interface, and (c) solid-nucleus interface in Young’s equation.  The vectors used to represent the 

forces are shown in (d). 

 When discussed in terms of crystal growth at an interface, the surface energy can be used to 

explain qualitatively the surface chemistry effects on the kinetics of this heterogeneous 

nucleation.  These measurements are based on CNT and thus assume that the nucleus is cap-

shaped, its boundary is well defined and the microscopic interfacial free energies are the same as 
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those of the macroscopic crystal.  According to CNT, the smaller the angle θ, the greater the 

affinity between the interface and the nucleus, and the lower the free energy barrier.121  This 

concept is shown in Equation 13.108   

      ΔGHET = ϕΔGHOM     (13) 

where ϕ is the parameter dependent on the interfacial tension between the interface and the solid 

crystal phase, calculated from the contact angle Equation 12.  If ϕ is less than 1, then the 

interface lowers the energy required for nucleation, and crystallization occurs easier at the 

interface than in free solution.108  This method has been used by Diao et al.121 who built a model 

to predict nucleation rates of aspirin on polymer interfaces, thereby demonstrating that interfacial 

free energies are important in understanding how surface chemistry influences nucleation.121 

 The matching of surface symmetry to crystallographic lattices in an effort to understand how 

the interfaces affect the crystal nucleation and growth processes is referred to as epitaxy.123  

Epitaxial crystal growth is defined as the growth of a crystal on a substrate with a near 

geometrical fit at the interface between the contacting substrate and crystal planes.124  In organic 

materials, the structures depend on a delicate balance of weak non-covalent interactions between 

the molecules comprising the crystal and between the crystal and substrate.  There are several 

different types of epitaxial relationships that can exist between the substrate and the crystal layer 

nucleating on it (the overlayer).   

 With commensurate surfaces, each of the molecules in the overlayer resides on a 

symmetrically equivalent substrate lattice site, a condition that has been described as point-on-

point coincidence.  In coincident epitaxy, every lattice point of the overlayer lies on at least one 

primitive lattice line of the substrate and can be described as point-on-line coincidence.  For 
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incommensurate surfaces, there is no distinctive registry between the substrate lattice and the 

overlayer.125  

 Ledge directed epitaxy occurs when the dihedral angle between two close-packed planes of a 

substrate ledge site matches that of two close-packed planes of a prenucleation aggregate for a 

specific crystal form.  This type of epitaxy has been used for the selective nucleation and growth 

of a thermodynamically less-preferred polymorph of the salt (DMTC+)(TMO-)-CHCl3 (DMTC 

= 3,3’-dimethylthiacarbocyanine; TMO = 3,3’, 5,5’-tetramethyltrimethine oxonol).23  

 A variety of examples in the crystal growth literature show that these interfaces have been 

able to affect crystal nucleation121, morphology39, 126, orientation43, 47 and polymorphic form.20, 26, 

40-42  Sometimes more than one of these variables are controlled for at a time.  In addition, the 

epitaxial effect on crystal growth is of particular interest in chiral materials due to the fact that 

chiral substrates have been shown to resolve enantiomers.30, 123 

 For example, crystal nucleation time of aspirin was significantly lowered when using 4-

acryloylmorpholine and poly(2-carboxyethyl acrylate) interfaces.121  Furthermore, the aspirin 

crystals were found to be preferentially oriented, with the polar faces of aspirin guided by 

hydrogen bonds.  In another example, the morphology of caffeine was shown to change from 

needle crystals to hexagonal crystals depending on the interactions between the solvent, solute 

and surface used for the drop-cast crystallization.126    

 By far, the majority of the focus of crystal growth at interfaces has been in selecting for 

polymorphs.  Selected growth of 5-methyl-2-[(2-nitrophenyl)amino]-3-thiphenecarbonitrile (aka 

ROY), which has ten polymorphic forms, on single crystal substrates was attributed to epitaxial 

matching between the crystalline substrate and the molecule of interest.26  The growth of selected 
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forms of acetaminophen on polymer heteronuclei was attributed to the interactions between the 

solvent and the polymer surface.20  Specific examples of crystal growth using SAMs as the 

interface will be discussed in detail (Section 1.7.3).   The study of crystal growth and crystalline 

properties using interfaces has created a basis for which to begin the rationalization of how and 

why these interfaces affect crystallization and subsequent crystal properties. 

 This work seeks to use designer SAMs in order to affect the crystallization and subsequent 

material properties of the energetic materials RDX and HMX, and to begin to correlate 

differences among crystals grown under different conditions both in the presence and absence of 

a nucleating template.  Insight into the important factors in the crystal growth of these secondary 

explosives could lead to both a better understanding of how to improve their properties and/or to 

rationally create new materials with desired properties. 

1.7 Self-Assembled Monolayer Templates 

 Self-Assembled Monolayers (SAMs) are ordered molecular assemblies that are formed by the 

spontaneous adsorption of a surfactant, normally from solution, onto a specific substrate.127-129  

Bare surfaces (metals and metal oxides) tend to absorb organic materials readily, as these 

absorbates lower the free energy of the interface between the substrate and the ambient 

environment.130  By analogy, the absorption of surfactants onto a substrate also lowers the free 

energy of the interface.  This may be an explanation of the driving force for the spontaneous 

absorption of SAM templates. There are various types of SAMs that can be used to make organic 

monolayer surfaces.  They include: siloxanes on glass surfaces, thiols, sulfides and disulfides on 

gold, dialkyl sulfides on gold, alcohols and amines on platinum, and carboxylic acids on 

aluminum oxide and silver.129  For the purposes of this work, Au-thiol and siloxane SAMs are 
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employed.  The interaction of the surfactant and the substrate is an exothermic process, and the 

energies associated with the chemisorption are on the scale of tens of kcal/mol (≈ 40-45 kcal/mol 

for thiols on gold).129 

 All molecules (surfactants) that form SAMs can be divided into three parts (Figure 1.12). The 

first part is a headgroup, which has a specific affinity for a substrate.  The headgroup-substrate 

combination is normally used to define they system (i.e. Au-thiol).  The second part is the chain 

or backbone.  The energies associated with the interactions between the chains, van der Waals 

interactions, are usually on the order of a few <10 kcal/mol.  The final part is the endgroup or 

terminal functionality.128-131  A variety of functionalities are available for both thiol and siloxane 

surfactants from which templates with vastly different surface properties can be made. 

 

Figure 1.12. Schematic diagram of a SAM. 

 There is widespread interest in SAMs due to the many applications for these systems across 

disciplines. Some of these applications include128, 131-134   

• Molecular electronics (transistors) for electronic transport through SAMs 

• Electrochemical uses which employ surface modification by SAMs 
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• Switches where the SAM properties can be changed by external stimulus such as light or 

electrochemical potentials 

• Sensors using SAMs with ion recognition properties 

• Biology related applications such as bio-sensing and attachment of proteins to surfaces 

• Corrosion inhibition and as protective coatings 

• Adhesion and wetting studies 

 This work focuses on the use of SAMs as nucleating templates for crystal growth.  SAMs are 

able to affect nucleation and subsequent crystal growth due to their different surface properties 

formed by different endgroups and backbones.  These endgroups and backbones change the 

chemical, epitaxial, electrostatic and hydrophilic/hydrophobic properties of the surface (Figure 

1.13).  A summary of previous crystal growth studies using SAM templates will be given in 

section 1.7.3. 

 

Figure 1.13. Surface properties of a SAM that can affect crystal nucleation and growth. 
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1.7.1 Au-Thiol Self-Assembled Monolayer Templates 

 Nuzzo and Allara were the first to report Au-thiol SAMs.  They showed that these surfaces 

could easily be made from diakyldisulfides  (RS-SR).135  The surfaces were shown to have strong 

adsorbate-substrate interaction via the sulfur gold interaction, high surface coverage and high 

degrees of ordering.136  The simplest ordering of the sulfur lattice is a hexagonal packing, 

 overlayer.137, 138  Research into the expansion of these templates to different types 

of molecules and the effect they have on monolayer formation followed.  Alkanethiol 

compounds also absorb onto gold substrates; however, the disulfide is more strongly bound since 

it has double the interactions with the surface.137  Long and short chain, terminally functionalized 

and unfunctionalized alkanethiols were shown to form densely packed, crystalline-like 

assemblies on gold substrates.  The alkyl chains typically have a 20-40° tilt angle from the 

surface normal.139, 140  The alkyl tilt maximizes the attractive interactions between neighboring 

molecules and is a function of the sulfur-sulfur spacing.141  There are differences in the literature 

as to whether longer or shorter chain length is the more disordered.140, 142  The variability of the 

terminal functionality has the ability to affect the surface wetting properties.  For example, alkyl 

terminal groups generate hydrophobic surfaces and alcohol and carboxylic acid terminated thiols 

generate hydrophilic surfaces.143, 144    

 Au-SAM templates can also be made from aromatic thiol molecules.  These range from single 

aromatic benzene groups to multi-aromatic benzene groups, both with and without substitution 

of the benzene rings and varying amounts of linker chain carbons.120, 145-152  These thiols were 

also found to form well-ordered monolayers.  In contrast to the alkanethiol monolayers, the 

packing of these monolayers is usually in a herringbone fashion, and a small tilt angle is 

noted.120, 145, 148, 152  
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 Molecular conformations were better defined for molecules which had two phenyl groups as 

opposed to a single phenyl group.148  Contact angles on aromatic thiols are usually higher than 

for their straight alkyl chain analogues.  However, they do decrease from hydrophobic to 

hydrophilic substrates (as expected).147  In contrast, mercaptobiphenyl SAMs had lower contact 

angles than their corresponding alkanethiolate.  This is presumably due to their more polar nature 

where the key difference between the two is the rigid π character of the mercaptobiphenyl 

compounds.120, 151  

 Mixed SAMs can also be created where more than one type of thiol molecule is co-absorbed 

onto the Au substrates or by reaction of an intermediate already absorbed onto the surface.  

These surfaces can have vastly different properties depending on the composition of thiols used 

and the method of formation.144, 153-155   

 The kinetics of the adsorption of thiol onto gold is a multi-step process.120, 129, 143  The rate of 

formation is dependent on a variety of different factors.  These include: temperature, solvent, 

concentration, chain length of thiol and cleanliness of the substrate.143  The first fast step is the 

initial absorption of an imperfect monolayer.  The second slower step is additional adsorption 

possibly involving displacement of contaminants and solvent.143  The chemisoprtion of thiols 

with gold is an oxidative one.  For the absorption of dialkyldisulfides, the reaction can be written 

as Equation 16.129 

    RS-H +   RS- -  + H2     (13) 

 In this reaction, the formation of the RS- -  species requires the loss of the S-H hydrogen; 

however, the mechanism of how this proton is lost and its eventual fate has not been determined. 
! 

Au
n

0

! 

Au
+ 1

2

! 

Au
n

0

! 

Au
+



42 
 

 The reaction mechanism with alkanethiols is not entirely understood.129  One point of 

controversy is the fate of the hydrogen atom upon adsorption.  There are three likely scenarios. 

The first is that, upon absorption, the bond is cleaved and the released hydrogen either sticks to 

the metal surface or is released in molecular form.  The second is that the thiol is absorbed intact. 

A third possibility is that both of these processes occur to a certain degree.156  The data suggest 

that for systems where the thiol is vapor deposited on an Au substrate, the first scenario occurs.  

However for thiols deposited from solution, there is no evidence that this occurs, and, therefore, 

it is likely that the method of template preparation changes the mechanism of chemisoption.156 

1.7.2 Siloxane Monolayer Templates 

 Siloxane monolayers are made by the reaction of an alkylsilane derivative with a 

hydroxylated surface.  The alkylsilane derivative can be RSiX3, RSiX2 or RSiX1, where X is a 

chloride or an alkoxy group, and R is a carbon chain that can have a variety of different 

functional groups.129  In this system, the reactive X component (RSiCl3, RSiOMe3, RSi(OC2H5)3) 

group reacts to form a covalent bond with the hydroxylized silicon surface.  As in the Au-thiol 

system, the alkyl chain is responsible for the packing and organization of the monolayer, and the 

terminal end group can be used to add a chemical functionality to the SAM surface.157   

 There is a close relationship between the number of carbon atoms in the alkylsilane attached 

and the resulting contact angle.  The contact angle decreases with decreasing number of carbon 

atoms in the alkyl chain, showing that the longer the chain, the more hydrophobic the surface.158  

Likewise, siloxanes with different terminal functionalities have different wetting properties: 

functionalities with more polar groups such as –COOH, epoxide and NH2 had smaller contact 

angles than long alkyl chains.159  
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 In a comparison between monolayers formed from alkylsiloxanes with different chain lengths 

and different terminal functionalities, the final orientation of the monolayers depended on the 

chain length and the type of terminal functionality.  This was due to the fact that the tilt angles 

were found to be between 7° and 21°, depending on the siloxane type.160  The ordering of these 

SAMs is limited relative to the crystalline-like domains for Au-thiol surfaces.  This is most likely 

due to the fact that the bond lengths of the silane-oxygen coupling is smaller than permitted by 

the highest density alkyl chain packing motif.161  

 Compared to Au-thiol SAMs, siloxane SAMs have a much greater variability in their 

structure.  Their formation is affected by many different factors, including: solvent,161-163 

concentration of silane coupling agent,161, 164 temperature of assembly165-167 and concentration of 

water in the reaction mixture.161, 163, 166  The type of terminal functionality can also play a role in 

the assembly of a siloxane SAM.  For instance, in the case of amino terminated SAMs, silane 

clumps are present in the solution during SAM formation as a result of solvent hygroscopicity at 

room temperature which can lead to clumps of silane on the surface.  Furthermore, the wetting 

properties of the surface change in correlation with the amount of time the SAM is allowed to sit 

in closed glass vials in laboratory atmosphere.  The change in the surface wettability is attributed 

to the adsorption of impurities from the atmosphere over time.  These findings underscore the 

discrepancies in literature results.168 

 The mechanism of attachment of the silane coupling agent to create the SAM involves a few 

different chemical reactions (Figure 1.14).  The first step involves the hydrolysis of the silane 

(chloride, methoxy, ethoxy) to form a hydroxyl coupling agent.  In the second dehydration 
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reaction, the silanes are coupled to each other using two of the hydroxyl groups.  The third group 

is coupled to the hydroxylated surface through another dehydration reaction.169 

 

Figure 1.14. Mechanism of silanes coupling to a hydroxylated surface and the formation of a 
SAM. 

 From this mechanism, it becomes apparent why the amount of water in the solution plays 

such a large role in how the monolayers are formed: water is required for the initial hydrolysis of 

the silane coupling agent.  A high water content can lead to polymerization of the silane coupling 

agent in the bulk solution, while a low water content can lead to incomplete monolayer formation 

due to insufficient hydrolysis.161   

 Water also influences how the solvent affects monolayer formation.  Solvents which are 

capable of extracting water from the substrate surface (benzene, toluene) yield a dense film, 

whereas the use of anhydrous solvents produces a low density film.  This was confirmed by use 
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of toluene spiked with D2O, which produced a film that was twice as dense as the anhydrous 

solvent.163  The water content has a much stronger influence on the film formation than silane 

chain length and terminal substituent.160 

 There are two theories as to how the monolayers form on the hydroxylated surfaces.  The first 

is through an island mechanism, where the substrates attach to the surfaces in ordered patches of 

monolayers.  The gaps in these patches are filled in later to create the full monolayer surface.  

The second theory of homogeneous growth states that the silanes attach all over the surface in a 

homogeneous, yet disordered, way.  As more silanes attach to the substrate, they form an ordered 

monolayer surface.170  The second mechanism has been seen by Vallant et al.,160 who report that 

the film molecules “absorb initially in a random, disordered configuration;” however, with 

“increasing coverage, the hydrocarbon chains gradually align.”   

 Yet, many references report evidence for different growth mechanisms by changing a variable 

in the procedure.  For example, Carraro et al.167 report island growth at low temperatures (T < 

16°C), homogenous growth at high temperatures (T ≥ 40°C) and a mixed mechanism at 

intermediate temperatures.  The concentration of silane used has also been seen to affect the 

assembly of silanes.  Increasing the concentration changed the surfaces from flat domains 

consisting of well composed ordered monolayers to steep domains composed of disordered 

monolayers.  This suggests a maximum concentration of silanes for a well formed monolayer.164 

 Siloxane monolayers are significantly more thermally stable than Au-thiol SAMs.171  

However, due to the many different variables that can affect their formation, their structure is not 

as well-ordered or predictable as the Au-thiol SAMs. 
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1.7.3 Uses of Self-Assembled Monolayer Templates in Crystal Growth 

 The use of SAMs as a method to study crystal nucleation and growth began in the study of 

inorganic compounds, specifically those that are important to biomineralization processes such 

as calcite,32-34, 172-174 and calcium phosphate.52  In nature, biomineralization takes place in 

controlled environments.  Crystal formation occurs at certain interfaces, whereas other interfaces 

inhibit crystal nucleation.174  Thus, the use of designer interfaces is an ideal way in which to 

study the nature of crystallization at interfaces and gain an understanding of biomineralization 

processes.33, 174  The use of these bio-inspired interfaces has made it possible to control various 

crystalline properties such as nucleation density, crystal size, morphology, orientation, shape and 

stability.174 

 Branching from inorganic materials to organic crystallization is a logical step in the use of 

SAMs to study crystal growth.  In addition to inorganic compounds, SAMs have been shown to 

be effective in the nucleation and growth processes of organic crystals.  One way in which this 

occurs is by nucleating crystals in a preferred orientation.  For example, malonic and succinic 

acids were grown on SAMs in a specific orientation: the preferred nucleating planes showed an 

alignment of the carboxylic groups in the nucleating crystal, with a carboxylic acid group on the 

surface.175  Similarly, SAMs were shown to affect the nucleation rates of malonic acids.  The 

rates increased faster on carboxylic terminated SAMs than on methyl, methyl ester or ethyl ester 

terminal functionalities.37 

 The use of Au-thiol SAMs of mixed 4’-hydroxy-4-mercaptobiphenyl, 4-(4-

mercaptophenyl)pyridine and 4’-methyl-4-mercaptobiphenyl changed the nucleating plane of α-

glycine.  The effect depended on the percentage of hydroxyl or pyridine groups on the SAM.39  

This change was attributed to the overall hydrogen bonding: the increase in hydrogen bonding 
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oriented the crystal dipole to be more perpendicular to the SAM surface.39  The directing of 

crystal growth due to hydrogen bonding was also seen for L-alanine and DL-valine crystallized 

on rigid biphenyl thiols on gold.176  Au-thiol SAMs of 4’-X-mercaptobiphenyl (X = NO2, I and 

H) directed the orientation of 4’-iodo-4’-nitrobiphenyl polar crystals according to the crystals’ 

polar axes.43  In a more complicated system, the crystallization of Ferriprotoporphyrin IX 

(Heme) from acidic aqueous solution was studied on alkanethiols SAMs with different terminal 

functional groups.177  The terminal functional group was found to affect the morphology, density 

and orientation of crystals grown.  The addition of chloroquine, an antimalarial drug, was found 

to inhibit crystal nucleation and growth with varying efficiency depending on the terminal 

functional group, but with substantial reduction on the carboxylic acid terminal group.  This type 

of study yields insights as to how the antimalarial drug functions.177 

 Many papers discuss polymorph selection using Au-thiol40-42, 44, 178 and siloxane47, 55 SAMs 

(see Section 1.4 for a discussion of polymorphism).  Most of these studies show that the 

templates stabilize the growth of the less stable kinetic forms,40, 42, 55 while the growth of 

concomitant forms could be selected for based on epitaxy, functional group interactions and 

dipole moments across the interface.41     

 More advanced SAM techniques employ the use of engineered or patterned surfaces in crystal 

growth studies.  These surfaces are formed by creating a micro-pattern where there is spatial 

confinement for crystal growth.  The purpose of this is to understand how the size of the surface 

affects crystallization.  These surfaces have been used for organic,40, 179, 180 inorganic181 and 

organic semiconductor45 crystals.  The selection of studies presented here are meant to provide a 

general overview into how SAMs have been used in crystal growth studies.  It is by no means a 
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comprehensive listing of the literature, but includes a variety of studies.  In this work both Au-

thiol and siloxane SAMs were used in the crystal growth studies of RDX and HMX. 

1.8 Overview of Study 

 In this research, crystalline properties that are important to the development of secondary 

explosives were examined through controlled crystal growth of RDX and HMX. Crystal growth 

methods utilized included: slow evaporation, drop cast crystallization and crystallization on 

designer Au-thiol and siloxane SAM templates.  Au-thiol SAM directed growth studies included: 

alkane chain thiols varying in length from five to twelve carbons, functionalized alkane thiols 

(chloro, hydroxyl and carboxylic acid), functionalized aromatic thiols and biphenyls (iodo, 

amino, nitro and bromo) substrates.  Siloxane SAM directed growth studies included: alkyl and 

haloalky (fluoro, bromo, chloro and iodo), hydrogen bond donor and acceptor silanes (amino, 

cyano and isocyano) and phenyl derivative silanes (phenyl, pyridine and dinitrophenyl) coupling 

agents.  Section 2.1 contains a complete listing of substrates used to make SAM templates. 

 Crystal properties were then examined using different methods.  Crystal morphology is 

examined using single crystal X-ray diffraction, scanning electron microscopy and polarized 

light microscopy. Crystal defect structures are analyzed using X-ray topography.  Crystal form 

was analyzed using single crystal X-ray diffraction, powder X-ray diffraction and Raman 

spectroscopy.  Comparisons between crystalline properties and growth methods are outlined for 

each section.  Analysis of growth methods and their resultant crystal properties were performed 

in order to gain insight into the growth processes of the secondary explosives RDX and HMX.  

This basic research on RDX and HMX crystal growth is important in the development of these 

materials as PBXs. 
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 CHAPTER 2 EXPERIMENTAL 

 
 
 
 
 

 

 

Figure 2.1. Substrates used for Au-thiol SAMs. (1) HS-(CH2)4CH3, pentanethiol, (2) HS-
(CH2)7CH3, octanethiol, (3) HS-(CH2)10CH3, undecanethiol, (4) HS-(CH2)11CH3, dodecanethiol, 

(5) HS-(CH2)3Cl, 3-chloro-1-propanethiol, (6) HS-(CH2)4OH, 4-mercapto-1-butanol, (7) HS-
(CH2)9OH, 9-mercapto-1-nonanol, (8) HS-(CH2)10COOH, 11-mercapto-undecanoic acid, (9) HS-

(C6H5), benzenethiol, (10) HS-(C6H4)-NH2, aminobenzenethiol, (11) HS-(C6H4)-Br, 
bromobenzenethiol, (12) HS-(C6H4)-NO2, nitrobenzenethiol, (13) HS-(C6H4)-OH, 

hydroxylbenzenethiol, (14) HS-(C6H4)-C6H5, 4-mercaptobiphenyl, (15) HS-(C6H4)2-I, 4’-iodo-4-
mercaptobiphenyl and (16) HS-(C6H4)2-Br, 4’-bromo-4-mercaptobiphenyl. 
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2.1 Preparation & Characterization of Self-Assembled Monolayer Templates 

 In this research two types of SAM templates, Au-thiol and siloxane monolayers, were used 

for crystal growth experiments.  A full discussion on the differences between these two types of 

SAMs can be found in Section 1.7.  In this section the focus will be on the preparation and 

characterization of these templates for their use in crystal growth experiments.  While the 

preparation of each of these templates is different (Sections 2.2.1 & 2.2.2), the characterization 

methods are similar (Sections 2.1.4 & 2.1.5).   

2.1.1 Gold-Thiol Self-Assembled Monolayer Templates 

 The method for the creation of Au-thiol SAMs1-3 used was based on Hiremath et al.4 The 

details of the optimization of this procedure, along with contact angles and ellipsometry 

measurements for a variety of thiol compounds with varying end group functionalities and linker 

chains are published elsewhere.4, 5  Thiol compounds used in this research are: alkane thiols, 

functionalized alkane thiols, aromatic thiols and biphenyl thiols (Figure 2.1).   

 Pentanethiol (HS-(CH2)4CH3,), octanethiol (HS-(CH2)7CH3), undecanethiol (HS-(CH2)10CH3), 

dodecanethiol (HS-(CH2)11CH3), 3-chloro-1-propanethiol (HS-(CH2)3Cl), 4-mercapto-1-butanol 

(HS-(CH2)4OH), 9-mercapto-1-nonanol (HS-(CH2)9OH), 11-mercapto-undecanoic acid (HS-

(CH2)10COOH), benzenethiol (HS-(C6H5)), p-aminobenzenethiol (HS-(C6H4)-NH2), p-

bromobenzenethiol (HS-(C6H4)-Br), p-nitrobenzenethiol (HS-(C6H4)-NO2) and p-

hydroxylbenzenethiol (HS-(C6H4)-OH) were purchased from Sigma-Aldrich (St. Louis, MO) at 

95-99% purity and used without further purification.  Biphenylthiols were synthesized by 

Hiremath.5 
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 Gold substrates were prepared in the Georgetown Nanoscience and Microtechnology 

Laboratory (GNuLab, Washington, DC) using a high vacuum magnetron sputterer (CVC AST-

601).  Muscovite Mica, V-5 (Electron Microscopy Sciences, Hatfield, PA) were cut into squares 

(5 mm2) and attached to microscope slides using Post-it® adhesive paper and double-sided tape. 

Scotch™ tape was used to remove the top layer, revealing a fresh layer for exposure to sputtering.  

A 100 Å layer of chromium was deposited at a rate of 2 Å/s, followed by 3000 Å of gold at a rate 

of < 1 Å/s. 

 Au-thiol monolayers were prepared using the gold substrates detailed above.  These gold 

substrates were cleaned in piranha solution (70% H2SO4 & 30% H2O2) for 1 min, rinsed with 

distilled water and 200 proof ethanol and finally dried under nitrogen. CAUTION: Piranha 

solution is exceedingly dangerous.  Piranha cleaned bare gold substrates were used in control 

experiments.  To create templates the substrates were then immersed in an ethanolic thiol 

solution (10 mL, 2 mM) in amber vials for 24 hours at room temperature.1  The monolayers were 

removed from solution, rinsed with 200 proof ethanol and dried under a stream of nitrogen. 

 

2.1.2 Siloxane Monolayer Templates 

 
 The method for preparation of siloxane monolayer templates was adapted from that of 

Capacci-Daniel.6 The details of the optimization of this procedure along with contact angle 

measurements and XPS analysis for a variety of silane linker molecules are published 

elsewhere.6, 7  Silane coupling agents used in this research are of three different types in relation 

to their end functionalities; alkyl and haloalkyl silanes, hydrogen bond donors and acceptors and 

phenyl derivatives (Figure 2.2).   
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Figure 2.2. Coupling agents used for siloxane SAMs. (1)  n-propyltrimethoxysilane (Si-2-CH3), 
(2) 3,3,3-trifluoropropyltrimethoxysilane (Si-2-CF3), (3) 3-bromopropyltrimethoxysilane (Si-3-
Br), (4) 3-chloropropyltrimethoxysilane (Si-3-Cl), (5) 3-iodopropyltrimethoxysilane (Si-3-I), (6) 
3-aminopropyltrimethoxysilane (Si-3-NH2), (7) isocyanotopropyltrimethoxysilane (Si-3-NCO), 

(8) 3-cyanopropyltrimethoxysilane (Si-3-CN), (9) 11-cyanoundecyltrimethoxysilane (Si-10-CN), 
(10) phenylethyltrimethoxysilane (Si-2-Ph), (11) 2-(2-pyridylethyl)trimethoxysilane (Si-2-Pyr2), 

(12) 2-(4-pyridylethyl)triethoxysilane (Si-2-Pyr4) and (13) 3-(2,4-
dinitrophenylaminopropyltriethoxysilane) (Si-3-NH-Ph(NO2)2). 
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N-propyltrimethoxysilane (Si-2-CH3), 3,3,3-trifluoropropyltrimethoxysilane (Si-2-CF3), 

3-bromopropyltrimethoxysilane (Si-3-Br), 3-chloropropyltrimethoxysilane (Si-3-Cl), 3-

iodopropyltrimethoxysilane (Si-3-I), 3-aminopropyltrimethoxysilane (Si-3-NH2), 

isocyanotopropyltrimethoxysilane (Si-3-NCO), 3-cyanopropyltrimethoxysilane (Si-3-CN), 11-

cyanoundecyltrimethoxysilane (Si-10-CN), phenylethyltrimethoxysilane (Si-2-Ph), 2-(2-

pyridylethyl)trimethoxysilane (Si-2-Pyr2), 2-(4-pyridylethyl)triethoxysilane (Si-2-Pyr4) and 3-

(2,4-dinitrophenylaminopropyltriethoxysilane) (Si-3-NH-Ph(NO2)2) were purchased from Gelest, 

Inc.  (Morristown, PA) at 95-99% purity and used without further purification.  Three silane 

coupling agents were not previously used and are exclusive to this study.  They are 11-

cyanoundecyltrimethoxysilane, 2-(4-pyridylethyl)triethoxysilane and 3-(2,4-

dinitrophenylaminopropyltriethoxysilane).  Characteristics for these silanes are discussed in 

Section 2.1.4.  

Gold Seal No. 1 glass microscope slide covers 12 mm X 24 mm (Electron Microscopy 

Sciences, Hatfield, PA) were trimmed to 1.2 cm2 and soaked in piranha solution (70% H2SO4 & 

30% H2O2) for 60 min (30 min on each side) in order to created hydroxylated surfaces.  The 

substrates were then rinsed with distilled water and dried thoroughly under nitrogen.  Plain 

hydroxylated glass surfaces were used in control experiments.  Prepared hydroxylated glass was 

then soaked in a 1% solution of the silane coupling agent in 4 mL anhydrous toluene (Sigma-

Aldrich, Sure-Seal® 99+%) for 135 min at 80°C.  The substrates were subsequently rinsed with 

toluene, sonicated (Branson 1210 Sonicator) in methanol ≥ 99.8% (Sigma-Aldrich) for 40 min, 

dried under nitrogen, and cured for 2hr at 135°C and used within a few days for crystallization 

experiments. 
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2.1.3 Functionalization of Glass Vials  

 The functionalization of the inside of glass vials using siloxane couping agents was done 

using two different siloxane substrates, (tridecafluoro-1,1,2,2-tetrahydrooctyl)-trimethoxysilane 

and 3-cyanopropyltrimethoxysilane.  However, in principle this same procedure can be used for 

any silane coupling agent.  Using fluorinated vials suppresses the nucleation/precipitation along 

the sides of the vials during crystal growth, thereby eliminating any competing surface effecting 

during template direct growth experiments (Figure 2.3).8  This typically worked well to 

encourage the nucleation and growth of energetic crystals, as these compounds are not readily 

soluble in most organic solvents and could not be dissolved in high concentrations. 

 

Figure 2.3. Functionalization of vials (a) (tridecafluoro-1,1,2,2-tetrahydrooctyl)-trimethoxysilane 
coupling agent, (b) model of silane coupling to glass vial and (c) picture of crystal growth in a 

fluorinated and a non-fluorinated vial. 

 

 The procedure for the functionalization of vials was based on Cox et al.8  One dram glass 

vials (Fisher Scientific) were filled with 4 mL of piranha solution (70% H2SO4 & 30% H2O2) and 

allowed to soak for one hour.  The vials were next rinsed thoroughly with distilled water and 

Fluorinated Vial 
Non-Fluorinated 

Vial 

(c) 
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dried thoroughly under nitrogen.  The vials were then filled with a 1% solution of silane coupling 

agent and heated at 80°C for 135 min.  Silane solution was removed from vials and vials were 

then immersed in methanol and sonicated for 30 min.  Methanol was removed from vials and 

they were dried completely under nitrogen.  Vials were then cured at 135°C for 2 hours and used 

within a week for crystallization experiments.  

2.1.4 Contact Angle Measurements 

 Contact angle measurements are commonly used to characterize surface properties such as 

wettability, surface cleanliness and the hydrophilic/phobic nature of the surface.  The contact 

angle is defined as “the angle between the substrate support surface and the tangent line at the 

point of contact of the liquid droplet with the substrate.”9  In the half-angle measuring method, a 

drop of liquid is placed on the substrate and the angle is measured from one end of the droplet to 

the apex of the droplet, this half angle value is doubled in the final measurement value.  This 

method is based on Equation 1:9 

      θ = 2*arctan(H/R)     (1) 

where θ is the contact angle, H is the height of the droplet and R is the radius of the droplet base.  

Contact angle values are related to the surface energy of the substrate as explained in Section 

1.6.3.9, 10 

 All contact angle measurements were performed using distilled water and a CAM-PLUS 

MICRO contact angle meter by Tantec Inc. (Schaumburg, IL).  Contact angle measurements 

were used a way to validate that new batches of SAM templates were equivalent to previous 

ones.  As previously mentioned contact angles for Au-thiol SAMs were reported by Hiremath5 
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and those of siloxane SAMs were reported by Capacci-Daniel.6  Contact angles measurements 

for Au-thiol and siloxane substrates are reported in Table 2.1. 

Table 2.1. Observed contact angle measurements for Au-thiol and siloxane substrates. 
Substrate Contact Angle (°) Reference 

benzenethiol (HS-(C6H5)) 77 Hiremath 
p-bromobenzenethiol (HS-(C6H4)-Br) 80 Hiremath 
p-nitrobenzenethiol (HS-(C6H4)-NO2) 69 Hiremath 
mercaptobiphenyl (HS-(C6H4)-(C6H5)) 71 Hiremath 
4’-iodo-4-mercaptobiphenyl (HS-(C6H4)2-I) 78 Hiremath 
4’-bromo-4-mercaptobiphenyl (HS-(C6H4)2-Br) 79 Hiremath 
N-propyltrimethoxysilane (Si-2-CH3) 68±4 Capacci-Daniel 
3,3,3-trifluoropropyltrimethoxysilane (Si-2-CF3) 71±4 Capacci-Daniel 
3-bromopropyltrimethoxysilane (Si-3-Br) 74±2 Capacci-Daniel 
3-chloropropyltrimethoxysilane (Si-3-Cl) 79±2 Capacci-Daniel 
3-iodopropyltrimethoxysilane (Si-3-I) 72±3 Capacci-Daniel 
3-aminopropyltrimethoxysilane (Si-3-NH2) 36±3 Capacci-Daniel 
isocyanotopropyltrimethoxysilane (Si-3-NCO) 61±3 Capacci-Daniel 
3-cyanopropyltrimethoxysilane (Si-3-CN) 58±3 Capacci-Daniel 
phenylethyltrimethoxysilane (Si-2-Ph) 69±4 Capacci-Daniel 
2-(2-pyridylethyl)trimethoxysilane (Si-2-Pyr2) 77±1 Capacci-Daniel 
11-cyanoundecyltrimethoxysilane (Si-10-CN) 86±3 This Work 
2-(4-pyridylethyl)triethoxysilane  (Si-2-Pyr4) 77±2 This Work 
3-(2,4-dinotrophenylaminopropyltriethoxysilane) 
Si-3-NH-Ph(NO2)2 

86±2 This Work 

 

2.1.5 Roughness Measurements 

 Roughness measurements were used to determine the surface coverage and homogeneity of 

the SAM template.  These measurements were performed using contact mode (Au-thiol SAMs) 

or tapping-mode (siloxane SAMs) imaging with a Nanoscope IIa Atomic Force Microscope 

(AFM) (Digital Instruments, Santa Barbara, CA) in air at room temperature.  Analysis of the 

AFM images was performed using Nanoscope Image V531r1 software to determine surface 

roughness and step heights.  Images of typical Au-thiol and siloxane SAMs are published 

elsewhere.  
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2.2 Crystal Growth 

2.2.1 Solution Screening 

 Crystallization of RDX and HMX by slow evaporation from a variety of solvent and co-

solvent systems was carried out in order to determine the morphology, phase and defect density 

for each type of growth condition as well as to provide a basis for comparison with template 

grown crystals.  RDX (RS RDX Class 5 4905s04) and HMX (BAE05E071041) samples were 

provided by Dr. C. Stoltz at the Naval Surface Warfare Center, Indian Head Division or 

purchased from ATK (RDX Grind #2180817 60005200 Lot 0024, HMX Grind # 2180636 

60006954 Lot 0003, Minneapolis, MN) and used without further purification.  Acetone 

CHROMASOLV® for HPLC ≥ 99.9%, anhydrous tetrahydrofuran (THF)  ≥ 99.9% (inhibitor 

free), cyclohexanone  99+%, γ-butyrolactone  ≥ 98.0%, benzene  ≥ 99.0%, nitrobenzene 99+%,  

and nitromethane, 96% were purchased from Sigma-Aldrich. Anhydrous pyridine 99.8% was 

purchased from Aldrich. N, N dimethylformide (DMF) was purchased from Mallinckrodt 

Chemicals and  dimethylsulfoxide (DMSO) was purchased from Fisher Scientific.  All solvents 

were used without further purification.  Co-solvent mixtures of 2:1 acetone:nitromethane, 2:1 

acetone:pyridine, 2:1 acetone:benzne, 3:7 acetone in benzene, 2:1 acetone:nitrobenzene, 2:1 

acetone:DMF, 2:1 THF:benzene, 2:1 THF:nitrobenzene and 2:1 THF:cyclohexanone, 2:1 

nitromethane:benzene, 1:1 pyridine:cyclohexanone were also used in order to effect the 

solubility and evaporation rate of the crystallization medium. 
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Table 2.2 Solvents used for crystal growth experiments.  (Physical data provided by the 

manufacturer) 
Solvent Boiling Point 

(°C) 
Density (g/cm3) n20/D 

Acetone 56 0.791 1.359 
THF 65-67 0.889 1.407 

Benzene 80 0.874 1.479 
Nitromethane 101.2 1.127 1.027 

Pyridine 115 0.978 1.508 
DMF 153 0.944 1.430 

Cyclohexanone 155 0.947 1.450 
DMSO 189 1.100 1.479 

γ-butyrolactone 204-205 1.120 1.436 
Nitrobenzene 210-211 1.196 1.550 

 
 

 Solutions of varying concentrations, 5 mg/mL, 10 mg/mL and 30 mg/mL of RDX and 2 

mg/mL and 5 mg/mL of HMX were prepared.  One dram vials, both fluorinated and non-

fluorinated, were filled with 4 mL of solution.  Vials were covered with Parafilm™ and 2-3 

small holes were cut into the film.  Samples took from three days to a month to evaporate at 

room temperature on the bench top.  Single crystals were harvested from vials when they were of 

adequate size for single crystal X-ray experiments. 

2.2.2 Drop Cast Crystallization 

 Drop cast crystallization experiments were done using only RDX (RS-RDX class 5 4905s04) 

provided by Dr. C. Stoltz at the Naval Surface Warefare Center, Indian Head Division.  In these 

experiments 1µl drops of solutions of 5 mg/mL, 10 mg/mL and 30 mg/mL RDX in acetone, 

THF, nitromethane or DMSO were pipetted onto either plain glass slides, hydroxylated glass 

slides or a siloxane SAM template.  Drops were allowed to evaporate (over a few seconds to a 

few days depending on the solvent) in a petri-dish with the lid cracked open at room temperature.  
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This produced crystalline deposits of RDX varied in size, number and form depending on the 

solvent and surface.  This type of crystallization differs from the slow evaporation method in that 

a much smaller amount of material is used and a faster evaporation rate takes place, which 

produces crystals that are generally much smaller than those observed by slow evaporation 

crystal growth methods. 

2.2.3 Crystal Growth on Self-Assembled Monolayer Templates 

 Crystal growth on SAM templates was performed using a slow evaporation method where a 

SAM template was placed into the crystallization vials (fluorinated or non-fluorinated vials), 

leaning against the side (Figure 2.4).    This was done so that there was less chance of a false 

positive in which a crystal nucleates in solution and then falls onto the template surface.  The 

templates were left in the crystallization vials until the solvent had evaporated to just below the 

top edge of the surface.  In a few cases crystals were seen before the solvent had evaporated this 

far.  In these cases the template was taken out when crystal growth was seen, observed under a 

microscope and then put back into the growth medium until further evaporation had occurred.  

Surfaces were then taken out and crystal growth was characterized by X-ray diffraction (Section 

2.3), Raman spectroscopy (Section 2.4) and/or polarized light microscopy (Section 2.5). 
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Figure 2.4. Crystallization configurations used for slow evaporation crystal growth. 

2.3 X-ray Diffraction Methods 

 Several different types of X-ray diffraction methods were employed in order to identify 

crystal form (single crystal X-ray diffraction and powder X-ray diffraction), morphology (single 

crystal X-ray diffraction), orientation (oriented powder X-ray diffraction) and defect structure 

(X-ray topography).   

2.3.1 Single Crystal X-ray Diffraction (XRD) 

 Single crystal X-ray diffraction was used to determine crystal form and to solve structures of 

any material that appeared to be a new form.  In these experiments single crystals were glued to a 

glass capillary using AngstromBond glue (Fiber Optics Center).  The capillaries were then 

mounted on a pin for placement in a goniometer.  X-ray diffraction was done using a Bruker 

APEX II diffractometer with Mo (Kα = 0.71069) source at room temperature.  Sixty diffraction 

images were collected for each crystal and a unit cell was determined using at least fifty peaks.   

2.3.1.1 Assignment of Miller Indices 

 In order to determine the morphology of a crystal and relate the surface to the underlying 

structure a system of Miller Indices are used.  Miller indices define the orientation of the surface 
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in relation to the unit cell.11  In this research determination of crystal morphology, crystal growth 

faces and assignment of Miller Indices was done experimentally by visually finding all of the 

crystal faces and assigning them using single crystal XRD.  Crystals were mounted and unit cells 

were determined according to Section 2.3.1.  A video was captured of the crystal rotating on the 

Phi axis.  The crystal was then manually rotated in this video to find crystal faces.  The software 

uses the orientation matrix, which has been previously determined, to note where a particular 

plane should be located.  Visual inspection comparing the actual crystal faces to those 

determined by the software was used to identify the Miller Indices and assign the crystal 

morphology (Figure 2.5). 

 

 

 

Figure 2.5. Single crystal face indexing and assigning Miller Indices using Apex II software. 

 

2.3.2 Powder X-ray Diffraction (PXRD) 

 Powder X-ray Diffraction (PXRD) was performed to identify crystalline form and assess the 

phase purity of samples that were too small to be used for single crystal XRD.  Much of the time 

this was done on samples that precipitated onto the sides or bottom of the vials.  Powder samples 

were scraped from the sides or bottom of the vials (care was to taken to separate samples which 

precipitated in different areas of the vial) and prepared in 0.5 mm glass capillary tubes (Charles 

Supper Company).   
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 Data was collected on a Rigaku RAPID X-ray diffractometer with Cu (Kα = 1.5418) source 

using an image plate detector at room temperature.  A 0.5 mm collimator was used and data was 

collected for 15 min for each sample with a Phi spin rate of 1° per second.  The diffraction 

pattern was integrated over a 2θ range of 5-50° with a step size of 0.010°.  A background 

spectrum of an empty capillary was taken each day that a sample was collected.  Data was 

processed with Rigaku RAPID/XRD Version 2.3.3 and AreaMax software.  Background 

subtractions were performed using JADE processing software (Materials Data, Inc., Livermore, 

CA). 

2.3.3 Oriented Powder X-ray Diffraction 

 Oriented PXRD was performed on samples nucleated on SAM templates.  In these 

experiments, the entire siloxane SAM template with attached crystals was inserted into the 

instrument and diffraction patterns were measured.  Since crystals grown on SAM templates 

adopted preferred orientations on these templates, simplified PXRD diffraction patterns are 

observed.  By matching the experimental 2θ values and calculated powder patterns, information 

on the phase and also the orientation of the crystals could readily be obtained.  The major 

limitation of this method is that systematically absent reflections (due to the symmetry of the 

crystal) do not appear in these diffraction patterns, so if crystals were oriented on a face for 

which the reflection is systematically absent it will go undetected.  Table 2.3 is a listing of the 

systematically absent reflects for RDX and HMX as calculated by Mercury CDS version 2.4 

(Section 2.7.4).  Similarly, if a minor phase is present, it may not diffract strongly enough to rise 

above the noise level and may also go undetected. 
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Table 2.3. Systematically absent reflections for RDX and HMX polymorphs grown at 
atmospheric pressure. 

 
 Oriented PXRD data were collected using a Rigaku MiniFlex II Desktop X-ray 

Diffractometer with a standard glass slide holder.  SAM templates were centered on a 

microscope glass slide and adhered using a piece of tape.  Data was collected at a step size of 

0.020°and a scan speed of 1.50 from 2θ = 5-35°.  Data was processed using Measurement 

Monitor V1.0.0.0 software (1994-2004).   

2.3.4 X-ray Topography (XRT) 

 X-ray Topography (XRT) is a powerful technique for evaluating single crystals used in 

technological applications and for characterizing crystal growth and processing. In this technique 

the defect microstructure of single crystals is studied.  The defect microstructure is defined as the 

perfection and imperfection in the crystal lattice.12  The topograph is produced by variation of the 

diffracted intensity as a function of position across a crystal.13  It consists of mapping the 

amplitude and direction of the locally Bragg diffracted beams and reveals internal defects in 

single crystals.14  Changes are seen in the image contrast if there are imperfections (or defects) 

Crystal Form / CDS Refcode  Systematically Absent Reflection from 0-35° in 
2θ  

α RDX / CTMTNA Pbca (100), (010), (001), (110), (101), (011), (201), (120), 
(012), (300), (310), (301), (030), (130), (031), (003), 
(103), (013), (401), (203), (032), (330), (303), (500), 
(033), (014) 

β RDX / CTMTNA05 Pca21 (100), (001), (101), (102), (300), (003), (301), (103), 
(302), (104), (303), (304), (005), (105) 

α HMX / OCHTET Fdd2 (020), (200), (060), (002), (042) 

β HMX / OCHTET13 P121/n1 
(20K) 

(010), (001), (100), (030), (10-2), (20-1), (102), (201)  

γ HMX / DEDBUJ (hydrate) Pn (100), (001), (10-2), (201), (102), (300), (30-2), (20-3), 
(302), (401), (40-3), (203), (50-2), (30-4) 

δ HMX / OCHTET03 P61 (002), (003), (004), (005) 
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which cause deviations, u(r), from perfect long-range order.  As such, the defects themselves are 

not shown, but the lattice deformations surrounding the defects are visible.15  Imperfections 

which cause the deviations can include inclusions, dislocations, twins, grain boundaries and 

stacking faults.13, 14 

 The advantages of this technique are that it is applicable to the whole bulk crystal as grown, is 

non-destructive to the sample, and has levels of resolution on the micrometer to centimeter scale.  

The major disadvantage of this technique is that in order to avoid long exposure times (of several 

hours), synchrotron radiation must be used to reduce this time (to a few seconds).  Due to its 

many advantages listed above, XRT is one of the most valuable techniques for assessing crystal 

defects.15, 16 

2.3.4.1 Theory 

 There are two main techniques used in XRT, reflection (Bragg) geometry, which emphasizes 

the microstructure of the surface region, and transmission (Laue) geometry that displays the bulk 

microstructure of the crystal.15  In this discussion only transmission XRT will be considered as 

all experimental work was done using this technique. 

 Image contrast arises from two distinct methods.  The first mechanism, orientation contrast, 

can be explained by application of Bragg’s law in terms of diffraction geometry.15  It arises when 

a region of the crystal is misoriented by an amount larger than the beam divergence.  When this 

occurs, no diffraction intensity is seen for the misaligned region and there is a light patch in the 

film (Figure 2.6).13  This contrast is typical of highly mosaic crystals and can be explained by 

kinematical diffraction (the details of which are beyond the scope of this text), where the crystal 
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is assumed to be imperfect and composed of a large number of misorientations and changes in d 

spacings.  Defects such as growth sectors and grain boundaries give rise to this type of contrast.17 

 

Figure 2.6. Orientation contrast for a monochromatic, collimated X-ray Beam (a) no diffraction 
is recorded for region A where the Bragg condition is not satisfied as it is for the rest of the 

crystal. (b) This appears as a light patch on the topographic image. 

 
 The second major method is known as extinction contrast and arises from the differences in 

diffraction properties between a highly misoriented area (close to the dislocation) and the 

surrounding almost perfect lattice.17  The lattice surrounding the defect (imperfect region) gives 

rise to a different scattering power from that of the surrounding matrix (almost perfect region), 

with the diffracted X-ray intensity from the imperfect region being much greater than from the 

almost perfect region.13, 15  Extinction contrast is described by means of dynamical theory of X-

ray diffraction (the details of which are beyond the scope of this text) and accounts for 

diffraction contrast from good quality, thick crystals, whereas kinematic theory describes 

diffraction from thin, distorted crystals.  The main difference between the two theories is that in 

kinematical diffraction the scattering at each atomic site is independent whereas in dynamical 

theory the incident and diffracted waves within the crystal lattice interact.  The name extinction 
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was used to describe the phenomena that the integrated intensity was less than predicted by 

kinematic theory for imperfect crystals.13, 15  This type of contrast allows the observation of 

single defects, like dislocations.17 

 David Black from Topographix assisted in the collection of data for XRT experiments.  XRT 

experiments in this work were carried out on whole small crystals, typically 0.5 -3 mm in all 

dimensions.  Single crystals were glued to a glass capillary using AngstromBond glue (Fiber 

Optics).  The capillaries were then mounted on a pin for placement in a goniometer at the 

beamline.  This is in contrast to all other XRT experiments with energetic materials, which were 

performed on large crystals 10 X 15 X 20 mm3 as defined by Halfpenny et al.18 and sliced at a 

particular face, with the one large slice used for XRT imaging (Section 3.5).  The use of small 

whole crystals for XRT topography experiments is analogous to XRT experiments using protein 

crystals.19-21  Since the crystals are so small quantitative analysis of defects could not be done, 

however, qualitative comparison of the images gives valuable insight into the relative defect 

densities crystals grown under different solution conditions.  In fact XRT has its clearest impact 

in the comparison made between samples as it can quickly show differences between the tested 

growth parameters and the crystal quality.21 

 

2.3.4.2 Monochromatic Radiation 

 The basic setup for XRT imaging consists of an incident beam that is diffracted by the crystal 

and  recorded on film to provide greater resolution (Figure 2.7).  An image is formed which is 

the projection in the direction of the diffracted beam of the crystal regions that simultaneously 

satisfy the Bragg condition at the angle ω.15, 17 
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Figure 2.7. Basic set-up for XRT. The basis of this diffraction is explained by kinematical 
diffraction.  Typically the crystal will have misorientations and changes in the d spacing, which 

can be related to the growth sectors (crystal faces).  For a given angle, ω, the growth sectors 
which are in a position to obey Bragg’s law will produce intensity, while those that are not in the 

correct position will have no intensity creating the dark and light contrast regions in the 
topograph.  The angle, ω, can be rotated in order to see diffraction from different growth 

sections. 

 
 A second piece of information that can be obtained from monochromatic radiation is known 

as the rocking curve.  Measurement of the rocking curve is the easiest way to characterize the 

distribution of lattice disorder.  In this measurement, intensity of the diffraction peak is collected 

as function of the angle, ω.17  That is to say, while rocking the crystal around ω, the diffraction 

width (amount of space in degrees) over which the crystal produces intensity is measured.  In 

general, the larger the diffraction width, the greater the average mosaicity of the crystal. 

 Figure 2.8 shows a topograph from an HMX crystal taken using monochromatic radiation and 

can be used to illustrate both orientation contrast and extinction contrast.  The dark/light contrast 

between the top/center and bottom/sides of the image is due to orientation contrast and is a result 

of growth sector boundaries (the meeting of different crystal faces).  The thin dark line at the 
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bottom of the image is due to extinction contrast and is the result of a dislocation developing 

parallel to the crystal face on the crystal edge. 

 

Figure 2.8. X-ray topograph of an HMX crystal with hkl {-120), scale bar = 100 µm.  The overall 
shape of the topograph is a projection of the crystal morphology.  The large dark/light contrast 
seen in the top/center and the bottom/sides of the image is a result of orientation contrast and is 
produced due to the different growth sectors (crystal faces).  The thin dark line at the bottom of 
the image (black arrow) corresponds to extinction contrast and is the result of a dislocation on 

the crystal edge, developing parallel to the crystal face. 

 

 Monochromatic topographs were taken using the Advanced Photon Source (APS) beamline 

BM-33 unicat at Argonne National Laboratory in Argonne, IL.  This beamline has an energy 

range of 5-35 KeV.  In these experiments a Si monochrometer was used to create a beamline of 8 

KeV.  The correct diffraction spot was first located in real time using an X-ray sensitive CCD 

camera detector.  The identity of the Bragg spot was determined by rotating the crystals in situ 

until the Bragg condition was met and a topograph emerged.  The {hkl} value of each condition 

was determined by using the geometry of the set up.  The Bragg angle was calculated from the 
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Bragg equation (2) and used to determine the interplanar spacing d.  From this value the 

matching {hkl} was obtained from the published powder diffraction pattern from the JCPDS-

International Center for Diffraction Data 2001. 

      d =       (2) 

where d is the interplanar distance,  is the wavelength where  is Planck’s constant, c is the 

speed of light and E is the energy of the wave.  In these experiments  = 12.4 keV and E = 8 

keV. 

 Rocking curve analysis was performed by scanning through the Bragg maximum at angular 

steps of 0.004°.  Topographs were then recorded at the intensity maxima, using Agfa Structurix 

D3-SC Industrial X-ray Film 8’’ X 10’’ (Quality Equipment Distributors) with an exposure time 

of a few seconds. 

2.3.4.3 White Beam Radiation 

 The use of a polychromatic beam (referred to as a white beam) with a sufficiently wide 

bandwidth can offer advantages as compared to a monochromatic source.  Since multiple 

wavelengths are used at once, several Bragg conditions are met simultaneously and therefore 

several reflections are recorded for each image taken.  This is helpful in characterizing defects 

and misoriented regions within a sample as multiple regions of the sample are seen at once.14 

 The setup for white beam topography is almost identical to that of monochromatic radiation 

and since this is still a transmission technique it is based on the Laue technique (Figure 2.9).  The 

difference in this case is that since the incident beam is broad, several Bragg spots are produced 

at once, and each Bragg spot is its own individual topograph.14, 15 
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Figure 2.9. Topography set-up for a white beam.  Each Bragg spot recorded is its own individual 
topograph. 

  

 This type of image is an integrated wave diffraction image, because it results from the 

superposition of contributions from a range of wavelengths.  It is sensitive to variations of lattice 

plane orientation which produce a change in the diffracted beam, but not as much to changes in 

the d spacing.14 

 White beam data were collected on beamline X19c at the National Synchrotron Light Source 

at Brookhaven National Laboratory in Upton, NY, which has a wavelength range of 0.2-1.2 Å.  

Images were recorded on Agfa Structurix D3-SC Industrial X-ray Film 8’’X10’’ (Quality 

Equipment Distributors) with an exposure time of a few seconds.   

 The challenge in the analysis of this data was in how to figure out the orientation, {hkl} for 

each topograph in the Laue diffraction images that resulted from the multi-chromatic radiation.  

This was accomplished using the program OrientExpress v 3.4.22, 23  In this analysis, the Laue 

diffraction pattern is scanned into an electronic form and uploaded into the program.  The 

program uses the known unit cell dimensions and symmetry of the crystal along with input 

coordinates for Laue spots (selected from the uploaded photo) to calculate Laue patterns that fit 
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the symmetry of the data.  These patterns are matched iteratively to the original pattern until a 

good fit is found and the diffraction spot {hkl} values can be determined for individual 

topographs (Figure 2.10). 

 

Figure 2.10. Example of a Laue pattern obtained using white beam topography and its 
corresponding indexed pattern using OrientExpress v3.4. 

 

2.4 Raman Spectroscopy 

 Phase identification by Raman spectroscopy was performed when other methods such as 

XRD and PXRD were not possible due to small sample size or sample quality.  This method was 

especially useful in distinguishing between α and β RDX from drop cast crystallization 

experiments (Chapter 4). 

 Single crystal Raman spectroscopy was obtained with a Reinshaw Raman Microscope 

(Gloucestershire, UK) equipped with a 514 nm laser and a 2400 line/mm grating and calibrated 

against a silicon standard.  The instrument was interfaced with an Olympus BH2-UMA optical 

microscope and a magnification factor of 20X or 100X was typically used.  Spectra were 

collected in extended scan mode from 100-3200 cm-1 and analyzed using the WiRE 2.0 software 



87 
 

package (2002 Reinshaw).  Laser power was set 100%, accumulations was taken with a 10 sec 

exposure time.  Cosmic ray removal was applied to minimize background interference.  This set 

of conditions enabled unambiguous identification of individual crystal forms.  

2.5 NMR 

 1H NMR spectra were measured using a 400 MHz (Varian) NMR spectrometer in DMSO (D, 

99.9%, Cambridge Isotope) solvent at ambient temperature.  All chemical shifts (δ) were 

referenced to the DMSO shift at 2.50 ppm. 

2.6 Microscopy 

 Microscopy methods were used in order to visualize crystal size and morphology.  In this 

research, crystal images under magnification were done using one of these methods. 

2.6.1 Polarized Light Microscopy 

 All micrographs of single crystals under polarized microscopy were taken using an Olympus 

BX-50 polarizing microscope (OPELCO, Dulles VA) fitted with a Nikon COOLPIX995 digital 

camera operated with krinnicam_v1-03 software (Nikon Corp.). 

2.6.2 Scanning Electron Microscopy Imaging 

All scanning electron microscopy (SEM) experiments were performed in the Georgetown 

Nanoscience and Microtechnology Laboratory (GNuLab, Washington, DC)  on a Zeiss SUPRA 

55-VP SEM (Zeiss, Germany) operated under vacuum pressure with an accelerating voltage of 

0.1-0.50 kV.  All samples were mounted on 12 mm double stick carbon circles (M. E. Taylor 

Engineering, Inc.), which were affixed on 1/8 inch SEM mount pins (M. E. Taylor Engineering, 

Inc.). 
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RDX samples were prepared for SEM imaging by drop cast crystallization directly onto 

12 mm double stick carbon circles (M.E. Taylor Engineering, Inc. affixed to 1/8 inch SEM 

mount pins (M.E. Taylor Engineering, Inc.).  They were identified as α or β RDX by Raman 

spectroscopy (Section 2.4) prior to imaging. 

2.7 Thermal Methods 

 Two methods were used to determine thermal transitions such as melting points and phase 

transitions for crystalline materials in this research; Hot Stage Microscopy (Section 2.7.1) and 

Differential Scanning Calorimetry (DSC, Section 2.7.2). 

2.7.1 Hot Stage Microscopy 

 Hot stage microscopy was performed on an Olympus BX50 microscope (OPELCO, Dulles, 

VA) equipped with a HCS302 hot stage regulated by an STC200 stand-alone temperature 

controller (Instec, Inc. Boulder, CO).  Crystals were placed on a 1.0 mm thick microscope glass 

side before placement on the heating stage.  A heating range of 25°C - 300°C was used with a 

ramp rate of 5°C per minute.  The hot stage was calibrated against known standards and has a 

standard deviation of ± 1.0°C 

2.7.2 Differential Scanning Calorimetry 

Melting points and phase transitions were determined by DSC using a TA instruments 

Modulated 2920 DSC equipped with an RCS cooler (New Castle, DE).  All experiments were 

run with a temperature ramping mode of 5.0°C/min from room temperature to 250°C and 

continuously purged with N2 gas at 50 mL/min.  The instrument temperature was calibrated 

against indium, zinc and tin standards.  Samples were placed into hermetic aluminum pans (TA 

instruments) and loosely sealed with a manual press.  The pans were capped with the lid forming 
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a ‘top-hat’ like shape leaving some space between the lid and the crystals to avoid any 

unintentional crushing.  A similarly sealed empty hermetic pan was used as the reference.  All 

temperatures cited refer to peak temperatures.  For RDX experiments, samples were prepared by 

drop cast crystallization from DMSO onto hermetic aluminum pans (TA instruments), identified 

by Raman spectroscopy prior to DSC measurements, and loosely sealed with a manual press in 

the same manner as described above.   

2.8 Computational Methods 

 In examining crystal structures and especially polymorphic forms, computational methods 

provide a powerful way to compare differences in energy and structural arrangements.  Changes 

in molecular conformations, hydrogen bonding, packing arrangements and lattice energies of the 

same molecule in different environments are an important area in the study of polymorphic 

materials.24  In this research two different computational methods were employed to closely look 

at the differences in the polymorphic forms of RDX and HMX.  Calculations (Section 2.8.1 & 

2.82) were done to compare conformational and lattice energies, while Hirshfeld surface analysis 

(Section 2.8.3) was done in order to examine intermolecular interactions and their relative 

contributions in the crystal structure.  Finally, a few additional programs (WinXmorph and 

Mercury) were used to make models of crystal morphology (Section 2.8.4) and crystal packing 

diagrams (Section 2.8.5). 

2.8.1 Lattice Energy Calculations 

 Free energy differences between polymorphic forms are very small (0.5 – 8 kcal/mol24 or 

around 10 kJ/mol25).  In a crystal structure the total energy is a summation of the conformational 

and crystal lattice energies.  One way in which to assess polymorphism in a molecular system is 
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to compare the conformational and lattice energy effects and determine how they compensate for 

each other.  That is to say, a higher energy conformer may reside in a lower energy lattice 

structure or a higher lattice energy may have lower energy conformers.24  

 Materials Studio 4.3 (Accelrys, Inc.) was used to calculate the conformational and total lattice 

energies of α and β RDX forms using references from Choi et al.26 (refcode CTMTNA) and 

Millar et al.27 (refcode CTMTNA05), respectively.  Conformational energies were calculated 

with the DMmol3 program28, 29 using density functional theory (DFT) with the PW91 functional 

and a double numerical basis set that includes a polarization d function.  Total lattice energies 

were calculated using the Forcite program as employed by Materials Studio 4.3 on a per mole 

basis with geometry optimization using the Drieding30 forcefield and either Gasteiger31, 32 (which 

calculates charge based on the connectivity of the atoms) or QEq33 (which calculates charge 

based on geometry) to estimate the charges on the nitro groups.   

2.8.2 Geometry Optimization of Solvent with α-RDX 

Geometry optimization of the solvents acetone and nitrobenzene with an α-RDX whose 

atomic coordinates were fixed was calculated using the Forcite program as employed by 

Materials Studio 4.3 (Accelrys, Inc.).  The Drieding30 forcefield was used in conjunction with 

Gasteiger31, 32 to estimate the charges on the nitro groups.  Fractional coordinates for the α-RDX 

molecule were taken from Choi et al.26 using refcode CTMTNA. 

2.8.3 Hirshfeld Surface Analysis 

 A second, relatively new, computational method used to analyze differences in crystal 

structures is Hirshfeld surface analysis.  The underlying principle of this method is that a “whole 

of structure” view is applied when comparing intermolecular interactions.34  In this method the 
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Hirshfeld surface is used to partition crystal space as a way of exploring packing modes and 

intermolecular interactions. 

 This is based on Hirshfeld (1977), who defined a weighting function w(r) for a particular 

molecule.35  The electron distribution of a sum of spherical atoms for the molecule (promolecule) 

dominates the corresponding sum over the crystal (procrystal).  The Hirshfeld surface is defined 

by w(r) = 0.5.  For a given crystal structure and set of atomic densities, the isosurface defined by 

w(r) = 0.5 is unique. 35  Quantities that can be derived directly from the Hirshfeld surfaces 

include volume, VH, surface area, SH, and packing ratio, PH = .     

 To make these surfaces more useful in direct comparison of crystal structures, additional 

features can be mapped onto the Hirshfeld surface.  These features include shape index and 

curvedness.  Shape index can be used to identify complementary hollows and bumps where two 

molecular surfaces touch one another.  Curvedness is a function of the root-mean-square 

curvature of the surface and typically shows regions of flat space separated by positive 

curvature.36  Another feature that has been developed is the mapping of molecular electrostatic 

potential (ESP) onto the Hirshfeld surface.37  Perhaps the most utilized of these features is the 

mapping of the distances between the nearest atoms outside the surface, de, and the nearest atoms 

inside the surface, di, which provide a three-dimensional picture of intermolecular close contacts 

in the crystal.  This is displayed using a red, white and blue color scheme where red is for short 

contact, blue is for longer contacts and white is for contacts around the van der Waals (vdW)  

separation.  In order to account for the difference in the size of atoms a normalized contact 

distance dnorm was configured (Equation 4):38 
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where rvdw is the van der Waals radius of the appropriate atom internal or external to the 

surface.38  From this property a two-dimensional map of the nature and type of intermolecular 

interactions experienced by the molecule in the crystal can be made, known as a Fingerprint 

plot.39  This type of plot can be used to analyze the percentage of each different type of 

intermolecular interaction between the molecule and its nearest neighbors.  Additionally, the 

calculation of a similarity index between whole molecular crystal structures, which is based on 

the fingerprint plots combined with cluster analysis and associated multivariate statistics, can be 

calculated and gives a numerical value to this mostly visual analysis.  This type of analysis has 

been termed “structural genetic fingerprinting” as it takes into account the entire makeup of the 

crystal structure but makes no prior assumptions about the possible interactions in the crystal 

structure.40 

 Meaningful comparisons between structures using Hirshfeld surfaces requires high quality 

crystal structure data, i.e. hydrogen atoms need to be located accurately, as do solvent molecules, 

disorder needs to modeled (information about disorder groups included in the CIF file), and 

crystal structures taken at the same temperature should be used for comparison whenever 

possible.36  The Hirshfeld surface is completely different from a van der Waals surface or an 

outer surface of electron density as it is defined by the molecule and the proximity of the 

molecule’s nearest neighbors, whereas the previous two methods are only defined by the 

molecule itself.36 

 In this work, the dnorm and their associated fingerprint plots were used when comparing crystal 

structures. From this type of Hirshfeld surface analysis, calculation of the types and percentages 

of intermolecular interactions could be determined and readily compared across crystal forms.  
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CrystalExplorer 2.141 software was used to calculate Hirshfeld surfaces and the associated 

fingerprint plots of the polymorphs of RDX and HMX.  For RDX, the fractional coordinates 

utilized were CTMTNA, α form, from Choi et al.,26 CTMTNA05, β form, from Millar et al.,27 

CTMTNA02, γ form, from Davidson et al.,42 and CTMTNA06, ε form, from Millar et al.43  For 

HMX, the fractional coordinated utilized were, OCHTET, α form, from Cady et al.,44 

OCHTET13, β form, from Zhurova et al.45 DEDBUJ, γ form, from Main et al.,46 and 

OCHTET03, δ form, from Cobbledick et.al.47  

2.8.4 Crystal Morphology 

 The WinXmorph v 1.51 program was used to create all models of crystal morphology used 

throughout this work.48, 49 

2.8.5 Cambridge Structural Database and Associated Programs 

Conquest version 1.13 CCDC 2011 was utilized in this work.  Additionally, Mercury CSD 2.4 

was used to create packing diagrams and calculate BFDH morphology. 
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CHAPTER 3 RDX CRYSTAL GROWTH AND SOLID-STATE PROPERTIES 
 

3.1 Introduction 

 RDX is a colorless polycrystalline material that is known by a variety of different names; 

hexahydro-1,3,5-trinitro-1,3,5-triazine, cyclotrimethylenetrinitramine, 1,3,5-triazocyclohexane, 

Hexogen, Cyclonite and T4.  RDX was originally discovered by in 1899 by Henning from the 

reaction of hexamethylenetetramine (hexamine, HMTA) with nitric acid.  He identified the 

compound as C3H6N6O6 and mistakenly patented it as a urinary antiseptic since it was known 

that hexamine hydrolyzes to formaldehyde and ammonia at physiological pH and has been used 

for this purpose.  He was unaware of the structure of the compound he produced and stated that 

the direct nitration of hexamine is not possible as he believed it to decompose as mentioned 

above.1, 2  However, in 1921, Hertz patented a compound that appeared to be the same as that of 

Hennings, prepared by nitration of hexamine using a slightly different procedure.  He detailed 

the correct structure and identified it as an explosive compound (Figure 3.1).2, 3  In order to 

clarify the apparent contradiction, Hale2 examined the procedure in 1925 and found that at high 

concentrations of nitric acid this nitration can occur and thus reported improved directions for the 

synthesis of RDX.2 

 

 

Figure 3.1. Molecular structure of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). 
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 Currently, RDX is synthesized by two main methods, the Woolwich process and the 

Bachmann process, although a variety of methods exist that were mostly developed during 

World War II.1, 4  The first large-scale synthesis of RDX was carried out at the Woolwich 

Arsenal in England, where it was known as Research Department’s Compound X , the origin of 

the name RDX.   Nitration of hexamine with nitric acid, nitrolysis, was used as the synthesis 

method, the process being referred to as the Woolwich process today (Equation 1).4    

 

 

 (1) 

  

  

 The second method, developed in order to optimize the synthesis so that two moles of RDX 

are created for every one mole of hexamine used, includes the addition of ammonium nitrate and 

acetic anhydride to the reaction mixture. This reaction developed by Bachmann and Sheehan,3 

was carried out at 75°C (Equation 2).  Using this synthetic route, a small amount (0-10%) of the 

high melting point compound HMX is produced as a byproduct.5 

 

 

(2) 
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used to bond incompatible metals.4  RDX is efficient for use in the mining and quarrying 

industries for clearing overburden or removing obstacles.4, 6  Energetic materials are also used in 

construction for preparing building foundations and laying utility lines, as well as in 

transportation for the reshaping of land for highway construction.6  Additionally, they are used in 

the synthesis of industrial diamonds and in the production of superconducting materials.4  RDX 

is also used as solid rocket propellants and gunpowder.7  In fact, RDX typically constitutes 35-

60% of solid rocket fuels.4   

 RDX is widely recognized as one of the oldest and most utilized crystalline explosives in 

military applications.  The advantages of using RDX include good performance, reasonable 

insensitivity, ease of manufacture and low cost.8  As a classical explosive, RDX derives its 

energy from oxidation of its carbon backbone by the NO2 groups in the structure.9  Explosives 

can be categorized as low explosives, compounds that deflagrate or burn, and high explosives, 

which detonate.  Those that detonate readily upon heating or impact are called primary 

explosives, while those that require initiation are called secondary explosives.6  RDX is 

classified as a high explosive.  It requires initiation in order for detonation to occur and is 

therefore a secondary explosive, which is why it is relatively stable.  When RDX is used as a 

military explosive it is generally used in a blend as a plastic bonded explosive (PBX).  Common 

examples of RDX formulations include: Composition B (60% RDX/ 40% TNT) or (60% RDX/ 

40% TNAZ), C4 (91% RDX/ 9% polyisobutylene) and A5 (99% RDX/ 1% stearic acid).7 

  Another important consideration in the development of explosives is the ability to obtain 

insensitive munitions (IM) characteristics, which are often dependent on not only the crystalline 

properties but the composition of the whole PBX.7  To that end, the development of a reduced 
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sensitivity RDX has attracted much attention in recent times, since it can confer reduced shock 

sensitivity when incorporated PBX formulations.8, 10   

 A number of companies have produced reduced sensitivity RDX, which has different names, 

depending on where it was produced –  I-RDX® (SME, France), NHS-95 (Bofors, Sweden), 

RDX Grade A (ADI, Australia) and RS-RDX (Dyno Nobel, Norway).10, 11  Since the methods for 

producing these different types of RDX are all propriety, the differences between them and 

regular RDX is not completely known.  Analysis done comparing different RDX types suggests 

that the differences in these compounds stem from properties such as particle size8, 10, 12-14, 

particle shape10, 12, 15, porosity10, 14, crystal quality14, 16, amount of HMX present10, 11 and defect 

structure.10, 13, 17 

 The careful examination of the crystal growth of RDX and the resultant crystal properties is 

important to the performance and sensitivity of these materials and by extension their 

development as PBXs.  In this chapter the known solid-state forms of RDX are discussed 

(Section 3.2).  Subsequently, the α-RDX growth morphology (Section 3.3), defect structure 

(Section 3.4) and template directed growth (Section 3.5) are examined.  Chapter 4 will discuss 

the crystal growth and properties of metastable β-RDX. 

 

3.2 Solid-State Forms of RDX 

   Polymorphism in RDX was first identified by McCrone18 in the 1950s, who noticed the 

existence of very small quantities of a polymorphic form II as he called it.  Currently this form is 

referred to as β-RDX.  Since then, five forms of RDX have been identified - α-RDX,19, 20 β-

RDX,21-23 γ-RDX,24 δ-RDX25, 26 and ε-RDX.27, 28  Of these five known forms, only the α and β 

are observable at atmospheric temperatures and pressures, while the other phases are high 
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pressure and high temperature phases.  The stability and structural details of these phases will be 

addressed in Section 3.2.1.   

 The different polymorphic forms of RDX are known as conformational polymorphs because 

they differ in the conformation of the NO2 groups with respect to the carbon-nitrogen ring.  This 

orientation is defined by the angle δ, which is the angle between the plane of the C-N-C ring 

atoms and the corresponding N-N bond.24  NO2 groups which are axial with respect to the ring 

are denoted A, while those that are equatorial are denoted E.  If a NO2 group is in a position 

between an axial and equatorial arrangement it is intermediate and denoted I (Figure 3.2).  For 

example an RDX molecule with all NO2 groups in the axial position is denoted AAA, while an 

RDX molecule with two NO2 groups axial and one NO2 equatorial is denoted AAE.   

 

 

Figure 3.2. Definition of the δ angle used to describe the orientation of the NO2 groups in RDX 
with axial NO2 group (blue) and equatorial NO2 group (red). 

 

 RDX has one known co-crystal structure, a 1:1 complex between RDX and 

tetrahydrothiophene 1,1-dioxide (sulfolane).29  This structure is unusual in that all three of the 

NO2 groups of RDX are in a different orientation, one axial, one equatorial and one planar to the 



104 
 

ring.  It is suggested that this arrangement is influenced by the amine lone pairs which push their 

corresponding NO2 in a certain direction which changes their orientation.29   

3.2.1 Crystal Structures of the Solid State Polymorphic Forms of RDX 

 In all polymorphic forms of RDX, the six member carbon-nitrogen ring is arranged in a chair 

conformation.  The α form of RDX crystallizes in the space group Pbca with a unit cell of 

a=13.182, b=11.574, c=10.709 and Z’ = 1.19, 20  The NO2 groups are arranged in an AAE 

conformation.  The packing of α-RDX is characterized by the “cupping” of the RDX molecules 

so that the two axial NO2 groups seem to fall between the equatorial NO2 group and the two axial 

NO2 groups of a neighboring RDX molecule (Figure 3.3).19, 20 

 β-RDX crystallizes in the Pca21 space group with a=15.127, b=7.456, c=14.372 and Z’ = 2.23  

Each of the independent molecules in the asymmetric unit cell have an AAA conformation.  The 

two independent molecules have different δ angles between the NO2 groups which makes them 

unique.23  The higher symmetry in the β form of RDX has been predicted using spectroscopy 

studies of the compound and is also seen in solution and vapor phases of the molecule.22  The 

packing of β-RDX consists of two interpenetrating lattices formed from each of the individual 

molecules using weak C-H•••O interactions.  These interactions also exist between each 

asymmetric molecule in the full 3D lattice.23   

 This metastable β RDX form has been said to form only from high boiling point solvents18, 21 

or from the melt.30  It is known to convert readily to the α form either by sharp agitation21 or by 

physically touching it with the α form.23  More details will be given on the growth of this form in 

Section 4.2 and on its transformations in Section 4.3.   
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 γ-RDX is a high pressure form that also crystallizes in the Pca21 space group with a=12.565, 

b=9.477, c=10.929 and Z’=2.24  With two independent molecules in the unit cell, molecule one 

has an AAA conformation, while molecule two is AAI.  Like the α-RDX form, the packing is 

also defined by “cupping” of the RDX molecules, where the AAI molecule “cups” a NO2 group 

from the AAA molecule.  This pattern forms interpenetrating chains of AAA and AAI molecules 

in a 21 screw axis in the c direction.24 

 δ-RDX has been identified using Raman spectroscopy at pressures greater than 17.8 GPa.25, 26  

While no single crystal structure exists yet for this polymorph, its vibrational frequencies are 

similar to those of ε-RDX, which suggests it is a higher symmetry form than γ-RDX since ε-

RDX has higher symmetry than the γ form.25, 26 

 ε-RDX is a high temperature, high pressure polymorph found at 4.3 GPa and 488K.  It 

crystallizes in the space group Pca21 with unit cell parameters of a=7.032, b=10.530, c=8.791 

and Z’=1.28  The molecular conformation of the one independent molecule is AAA.28  Since this 

AAA structure is comparable β-RDX there is a lot of confusion in the early literature which 

mistakenly assigns it as the β form.25, 26, 31  However, it has been shown conclusively, that this ε-

form is a unique form and not the same as the one the appears at ambient conditions.27, 28, 32  In 

the packing of this form the molecules adopt a head to tail arrangement.28  Table 3.1 catalogues 

all the crystallographic information for the known polymorphic forms of RDX and Figure 3.3 

shows packing diagrams of these crystal structures. 
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Table 3.1. Crystallographic information for known RDX Polymorphs. 

 
 

Table 4.1 Crystallographic information for the polymorphic forms of RDX. 
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Figure 3.3. Packing diagrams for known RDX polymorphs using fractional coordinates from 
refcodes: CTMTNA, CTMTNA05, CTMTNA02, and CTMTNA06.  For structures with Z’= 2 

molecule one is colored blue and molecule 2 is colored red. 

3.2.2 Phase Transitions and Comparison of the Polymorphic Forms of RDX 

One way of examining the differences in polymorphic forms involves analyzing the 

intermolecular interactions between molecules in each of the crystal structures.  The most 

convenient way to do this is to employ Hirshfeld surfaces, which embrace a “whole structure” 

view of intermolecular interactions in crystal lattices.33, 34  This method is extremely useful in 
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distinguishing subtle differences in polymorphs.  Hirshfeld surfaces for each of the symmetry 

independent molecules in the various polymorphic forms of RDX were generated to analyze the 

relative contributions of the different interactions between molecules.  In all forms, H•••O 

interactions are the most abundant and N•••N interactions are the least abundant (Figure 3.4).  

The largest percent variation in the interactions occurs for the N•••N and N•••H interactions.  α-

RDX has the greatest percentage of N•••N interactions (2.6%) and least amount of N•••H 

interactions (2.6%).  ε-RDX is the opposite with the greatest amount of N•••H interactions 

(7.9%) and the least amount of N•••N interactions (0.4%).  It follows that the interactions for the 

β, γ1 and ε should be similar as they are all AAA conformers, while α and γ2 are more structurally 

similar as AAE and AAI structures.  However, it is seen that interactions in the β and γ forms are 

similar while the α and ε forms resemble each other.  This could be due to the fact that the β and 

γ forms have a Z’=2 and the α and ε forms have a Z’=1. 

 

Figure 3.4 Percentage contributions from individual intermolecular interactions to the Hirshfeld 
surfaces of the symmetry independent molecules in the polymorphic structures of RDX. 
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Structures determined at different pressures show large differences in the dnorm plots of 

RDX (Figure 3.5).  Notably, the number of close contacts (red regions) increases at higher 

pressures.  The γ-RDX and ε-RDX phases, which were determined at 5.2 and 5.7 GPa 

respectfully, have many more close contacts than ambient temperature phases, α-RDX and β-

RDX, and therefore have a lot more red on the surfaces of their dnorm plots.  This phenomenon 

has been seen previously when comparing dnorm surfaces of ambient and high pressure phases.35  

Analysis has shown that as the pressure is increased, it is not just the conventional intermolecular 

interactions which shorten, but all types of contacts shorten under high pressure conditions.  

A convent way of viewing this data in two dimensions is by generating fingerprint plots, 

which summarize quantitatively the nature and type of intermolecular interactions (Figure 3.6).36  

In these plots the H•••O interactions are evident by the antennae on either side of the fingerprint 

plots, which are indicated with black arrows.   
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Figure 3.5. Hirshfeld surfaces mapped with dnorm for the symmetry independent molecules in the 
polymorphic forms of RDX.  The pressure each structure was determined at is listed.  Structures 
determined at higher pressure have more close contacts, which is shown on the dnorm plots by an 

increase in the amount of red regions. 

 

α‐RDX β‐RDX 1 β‐RDX 2 

γ‐RDX 1 (AAA) γ‐RDX 2 (AAI) ε‐RDX  

5.2 GPa 5.2 GPa 5.7 GPa 
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Figure 3.6. Fingerprint plots for each of the nearest internal distance (di) vs the nearest external 
distance (de) for each of the symmetry independent molecules in the polymorphic forms of RDX.  

Each point on a Hirshfeld surface can be represented by a coordinate (di, de).  The colors 
represent the number of points within a given fingerprint plot coordinate (hot colors represent 

many points, cool colors represent few).  Black arrows point to OH interactions and red 
circles enclose HH interactions. 

 
The main type of interaction (H•••O) accounts for roughly the same percentage for RDX 

molecules in all the phases, varying from 55.2% - 61.1% (Figure 3.4).  The shortest H•••O 

interactions are seen for the ε form, while the longest are seen for the α form, which makes sense 

given the pressure differences.  The β form, which is also at ambient pressure, shows 

comparatively shorter H•••O interactions than the α form and is in some regards more similar to 

the γ and ε forms.  β-RDX has two molecules in the asymmetric unit cell that can form H•••O 
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interactions with one another.  The shortest H•••O interactions in the β form (2.32 Å compared 

to 2.48 Å for the α form) are between the asymmetric molecules in the unit cell.  

HH interactions make up only 6.9% to 4.6% of the interactions in RDX phases.  The 

greatest percentage of interactions is seen for α-RDX, while the lowest percentage of interactions 

is seen for ε-RDX.  However, fingerprint plots show that the shortest and most prominent HH 

interactions are seen for the γ and β RDX molecules.   They are circled in red in Figure 3.6.  The 

prominence of these interactions seems to be related to the fact that there are two asymmetric 

molecules in the γ and β forms, and that interactions between the two symmetry independent 

molecules are significant.  Pressure does not seem to have any effect on these interactions in 

RDX as the highest-pressure ε form has the least amount of these interactions and they are not 

prominent on the fingerprint plot. 

An increase in the symmetry along the x/y diagonal of the fingerprint plot indicates a 

reduction in the intermolecular void space where adjacent surfaces touch each other.35  The most 

symmetrical fingerprint plot is that of α-RDX.  This is surprising as normally the symmetry of 

these plots increases for higher pressure.35  While the fact that there are two molecules in the 

asymmetric unit cell for the β and γ forms explains the asymmetry in these plots, it is interesting 

to note that, especially at greater distances, there seems to be greater asymmetry in the higher 

pressure form.  

Hirshfeld surface analysis has brought to light many differences between the 

polymorphic forms of RDX.  The number of molecules in the asymmetric unit cell seems to 

influence the intermolecular interactions, sometimes even more than the effects of pressure. 
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 The polymorphic forms of RDX are able to undergo some interconversions upon changes in 

conditions.  Figure 3.7 shows the relationships between RDX phases along with the conditions 

required for the transformations to occur.  For example, the α form converts to the γ form when 

the pressure is raised higher than 3.9 GPa.17, 37, 38  This corresponds to a volume reduction of 

3%.24  α-RDX subject to dynamic pressure (a shock wave) also converted to the γ form at 

pressures greater than 3.8 GPa.39-41  The conversion from α to γ was not seen to have any 

orientation dependence,40 however small crystallite-scale cracks were observed and attributed to 

the combined effects of shock loading and the phase transformation.41  When the pressure was 

decreased this phase transformation was found to be reversible.31  This transition occurs 

independent of temperature, though the rate of transformation is slower at lower temperatures.32 

 At pressures of 17.8 GPa or higher, γ-RDX converts to δ-RDX.25, 32  This transition was 

reversible for all temperatures and pressures studied, however, like the α to γ transition, this γ to 

δ transition was slower at lower temperatures.26 

 ε-RDX, is normally formed when γ-RDX is pressurized slightly further from 4.3 GPa to 5.5 

GPa and the temperature is raised at least 486 K.26-28, 31, 32  There is one report of a reversible 

direct conversion from α-RDX to ε-RDX between pressures of 2.5 to 3.8 GPa and a temperature 

of 498.15 K.31  The ε-RDX form can be recovered to almost ambient pressure (0.75 GPa) when 

decompressed at ambient temperature.  Below this pressure it converts to the α form.  It can be 

recovered to ambient pressure at 150 K and still exists even when heated to 220 K.  At about 230 

K it transforms to the α-form.28   
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Figure 3.7. Conversions of the known polymorphic form of RDX.  Reversible conversions are 
denoted with a double-headed arrow, while non-reversible conversions are noted with a single 

headed arrow. 

3.3 Growth Morphology of α-RDX from Solution Grown Samples 

 Crystal size and morphology have been shown to affect the sensitivity and detonation 

properties of explosive compounds.  It has been observed that smaller crystals are generally less 

sensitive than larger ones.42  Isometric crystals are usually more desirable than plates or needles 

since they can pack more closely which can lead to a greater explosive power per unit volume.43   
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 RDX initiation, measured by drop-weight impact height testing, also has a strong dependence 

on crystal size.  Similar to other explosive compounds, smaller crystals are less susceptible to 

initiation than larger ones.44, 45  In addition, the shock sensitivity of RDX has been correlated 

with the crystal morphology to explain the different sensitivities observed for chemically 

identical RDX from different manufacturers.46, 47  Spherical RDX crystals have been shown to be 

less shock sensitive than faceted morphologies for PBXs.  Molecular modeling simulations 

indicate that interaction between these crystals and the binder can induce hotspots at specific 

locations, which enhances the sensitivity.42, 48 Moreover, the morphology of the crystal can also 

affect bonding between the crystal and the surrounding polymer matrix which can modify the 

detonation properties of the material in a plastic PBX.49  This was seen in molecular dynamics 

simulations of fluorine polymers with RDX crystal surfaces, where it was found that the 

mechanical properties could be improved along three crystal faces, with the greatest effect being 

on the (001) face.50  Thus, the exploration of crystal morphology is of fundamental importance to 

the development of explosive composites. 

 The morphology of α-RDX varies greatly depending on the solvent used for crystallization.43, 

51 This is not uncommon for organic compounds as the solvent effects on crystal morphology 

have been well documented (Section 1.3).52, 53   A number of previous studies have been done in 

an attempt to predict the crystal morphology of α-RDX, as well as to analyze the different crystal 

morphologies that α-RDX exhibits.18, 43, 48, 51, 54-58  In this section the existing literature on the 

different crystal morphologies of α-RDX as a function of solvent and crystal growth method are 

summarized.  Morphological analysis of α-RDX crystals grown by slow evaporation from single 

solvent systems (Section 3.3.3) and co-solvent systems (Section 3.3.4) that have not been 
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traditionally used for RDX crystallization are also discussed.  This includes the use of pyridine, 

nitromethane and THF, and co-solvent systems 2:1 acetone:nitrobenzene, 2:1 acetone:benzene, 

2:1 acetone:pyridine, 2:1 THF:nitrobenzene and 2:1 THF:cyclohexanone.  An analysis of 

morphologically important RDX {hkl} forms (growth faces) and how the crystallization solvent 

might affect their formation is presented (Section 3.3.6).   

3.3.1 Indexing Convention for α-RDX 

 As described in Section 3.2.1 α-RDX crystallizes in the Pbca space group and has unit cell 

dimensions of a=13.182 Å, b=11.574 Å and c=10.709 Å, where Z = 8.  All experimental face 

indexing of RDX performed in this study uses this unit cell convention in order to be consistent 

with older literature.  A reduced unit cell (a= 11.1495 Å b=10.5861 Å and C=13.1401 Å) was 

reported by Hakey et al.20 in a redetermination of the structure. 

3.3.2 Calculated Vacuum Morphology 

 One of the difficulties in understanding the growth morphology of a crystal is in 

distinguishing between the contributions of the internal crystal lattice and the solvent-surface 

interactions.  Sublimation growth gives morphology based on the internal structure, although not 

all organic compounds sublime.  Theoretical modeling of crystal morphology is one way in 

which the contribution of the internal crystal structure to the morphology can be assessed.  There 

are many different ways in which to predict morphologically important {hkl} faces of a 

compound, some of which are detailed in Section 1.3.   

 Molecular studies using Bravais-Friedel Donnay-Harker (BFDH) method, which predict the 

crystal morphology based on the internal symmetry of the crystal lattice, were used to predict the 

thermodynamically important {hkl} faces for α-RDX and are listed in Table 3.2 along with their 
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multiplicity and dhkl.  This crystal model will be used as an approximate vacuum morphology for 

RDX in order to discern the influences from kinetic parameters such as growth solvent (Figure 

3.8). 

Table 3.2. Predicted forms of α-RDX using the BFDH method followed by their multiplicity and 
interplanar spacing. 

  

  

 The calculated BFDH model predicts that the most morphologically important faces are the 

{200}, {111}, {210} {020} and {002} faces.  However, the molecular interactions on {200} and 

{100}, {020} and {010}, and {002} and {001} pairs of faces are identical and as such these 

faces will be considered identical.  Thus, the lower Miller indexes will be referred to from 

hereon.  These are the faces that will be expressly considered when examining the effects of 

solvent on the crystal morphology of RDX. 

 Previous work by ter Horst et al.,43, 51 used  the attachment energy method, which is based on 

energies in the unit cell, to predict the morphology of α-RDX.51  BFDH and attachment energy 

models are almost identical in their important faces.  Attachment energies on the different faces 

are: {002} 11.94 kj/mol, {020} 11.29 kj/mol, {210} 11.03 kj/mol, {200} 10.68 kj/mol and {111} 

9.75 kj/mol.   The (021) face is the only different face in the attachment energy model by ter 

Horst et al.,43, 51 however no attachment energy was associated with it.  Since the calculated 

morphologies and relative growth rates of the faces are very similar between the two models, 

{hkl} Multiplicity dhkl( ) 
{111} 8 6.75 
{200} 2 6.59 
{020} 2 5.79 
{210} 4 5.73 
{002} 2 5.35 

! 

"
#
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differences in the attachment energy between a solvent and a growth face should be directly 

reflected by changes in the morphology.51  Thus, the interactions between a solvent and a 

specific face of the crystal have a direct influence on the overall crystal morphology.  

 

Figure 3.8. Calculated morphology for α-RDX (a) as reported by ter Horst et al.1999  based on 
attachment energy method.  The attachment energies are below the face index in kJ/mol (b) 

morphologically predicted faces, based on BFDH calculations and (c) packing of RDX 
molecules superimposed on the BFDH morphology. 

 

3.3.3 Single Solvent Systems 

The first report on the solution grown crystal morphology of RDX in 1950 by McCrone18 

stated “[α]-RDX crystallizes in a wide variety of habits ranging from needles (in nitric acid), 

plates (acetic acid) to massive (nitromethane and acetone).”18  Even with the wide range of 

morphologies he discussed, he described a “typical” morphology that is usually flattened in the 

(001) and shows the forms (110), (120), (101), (011) and (111) (Table 3.3).  The detailed 

analysis of the solution grown morphology of α-RDX has subsequently been undertaken by a 

few research groups.  The use of RDX from different manufacturers (with different impurities) 

as well as different crystallization methods might explain some of reasons why the reported 

morphologies for RDX are so varied, even from the same solvents (Table 3.3).   
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Table 3.3. Literature morphologies for α-RDX based on growth solvent  
(continued on next page) 
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Table 3.3. Literature morphologies for α-RDX based on growth solvent 
(continued from previous page) 

 
 

The most common solvent for RDX growth is acetone.  Previous work showed large scale 

cooling crystallization of RDX in acetone produces a morphology with the same dominant faces 

as predicted by BFDH, but different relative sizes.48, 51  Seeded crystal growth seems to help 

control the morphology which suggests that the morphology may be supersaturation dependent.  

Two reports using seeded crystal growth discuss a morphology with a small (100) face and 

larger, dominant (210) face.54, 57  Elban et al.55 also reported two prism acetone α-RDX 

morphologies grown by acetone slow evaporation - morphology I has a dominant (120) face and 

prism axis [001] and morphology II has dominant (102) and (-210) faces and prism axis [010]. 
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Halfpenny et al.57 reported growth of three different morphologies by slow cooling or solvent 

evaporation.  He labeled these morphologies as equant (crystals that have dominant (001) and 

(111) faces are the most common morphology for small crystals), prismatic (crystals that have 

dominant (210) faces are most common in larger crystals), and tabular (crystals with dominant 

(001) and  (210) faces are rare).57  

Our efforts to reproduce growth from acetone do not show such a wide variety of surfaces.  

Both prismatic and plate-like crystals with (001) and (111) major growth faces elongated in the 

[010] direction are observed from slow evaporation of acetone (Figure 3.9).  These results are 

generally comparable to the results of Halfpenny et al.57 who also used room temperature solvent 

evaporation methods for crystal growth. 

 

Figure 3.9. α-RDX crystals grown from slow evaporation of acetone have mixed prism and 
plate-like morphologies.  Major faces are typically (001) and (111), elongated in the [010] 

direction. 
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α-RDX morphologies have also been reported for the solvents: cyclohexanone48, 51, 54, γ-

butyrolactone43, 48, 51, DMF56, 58 and DP48, 51 (this abbreviation is not explained).  Other authors48, 

51 have previously reported that growth from cyclohexanone with water added to the growth 

solution yields morphologies with a dominant (100) face and prism axis [010] (Table 3.3).  

Seeding the solution changed the dominant face to (001), however, the prism axis remained the 

same.54  Our results for RDX crystal growth in cyclohexanone have shown that either (001) and 

(100) faces can appear as the dominant growth face from slow evaporation growth, even without 

seeding.  However, regardless of the dominant growth face, crystals are always elongated in the 

[010] direction (Figure 3.10). 

 

Figure 3.10. Morphology of α-RDX grown from cyclohexanone shows plate-like crystals with 
(001) and  (100) dominant faces.  Both types of crystals are elongated in the [010] direction. 

 

Crystals grown from γ-butyrolactone  were reported to exhibit prismatic morphologies with 

dominant (210) and (111) faces (similar to acetone grown RDX crystals).43, 48, 51  In DP, the 

(210) and (111) faces were apparent, however, the (100) face is still dominant.51  RDX grown 

from DMF in a slow cooling and seeded crystal growth process also had dominant (210) and 
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(111) faces.58  A second morphology showed the (001) and (111) faces dominant.56  In our work, 

α-RDX crystals grown from DMF do not show a consistent morphology, as both prisms and 

plates expressing a variety of faces are grown simultaneously.  However, elongation of the 

crystal was normally in the [100] direction (Figure 3.11).  

 

Figure 3.11. Morphologies of α-RDX solution grown from DMF have plate and prism 
morphologies with various growth faces.  The elongation axis is normally in the [100] direction. 

 

In our work α-RDX was grown by slow evaporation from three additional solvents –pyridine 

(bp 115.2°C), nitromethane (bp 100-103°C) and THF (bp 66°C) all of which produced large (6 

mm3) crystals (Figure 3.12).  Crystal growth from pyridine and nitromethane produced prismatic 

crystals with varying faces, however, the frequent formation of the (001) face was seen for both 

growth solvents (Figure 3.13). 
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Figure 3.12. Large α-RDX crystals grown from new solvent systems with a variety of 
morphologies and faces.  Scale bar = 100 µm. 

 

Figure 3.13. Morphologies of α-RDX from (a) pyridine, which have prismatic morphologies and 
(b) nitromethane which also have prismatic morphologies.  Each of these growth solvents 

produce crystals which vary in their faces and prism axes. 
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Growth from THF showed two distinct morphologies, a needle-like morphology and a plate-

like morphology.  The exact faces of these crystals vary from sample to sample, however the 

overall morphology is consistent.  For both morphologies, elongation of the crystal occurs along 

the [010] direction (Figure 3.14). 

 

Figure 3.14. Morphologies for α-RDX grown from THF had two different morphologies; (a) 
needle-like morphology and (b) plate-like morphology.  For all crystal morphologies elongation 

occurs in the [010] direction. 
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 α-RDX crystals grown from these new solvents show the dominance of the (001), (100) and 

(111) faces and elongation in the [010] direction (Table 3.4).  Thus, crystal growth for these 

solvent systems seem be faster for the (010) face, and slower for the (001), (100) and (111) faces. 

 
Table 3.4 Summary of growth morphology, major faces and prism axis for α-RDX grown from 

single solvent systems. 
Solvent Morphology Major Faces {hkl}  Elongation 

Axis 
Reference 

Acetone Varies 
Prism 
Prism 
Equant (Small) 
Prismatic (large) 
Tabular (rare) 

(001), (111) 
(120) 
(102), (-210) 
(001), (111) 
(210) 
(001), (210) 

[010] 
[001] 
[010] 
[010] 
[001] 
[010] 

This work 
Elban et al. 1984 
Elban et al. 1984 
Halfpenny et al. 1984 
Halfpenny et al. 1984 
Halfpenny et al. 1984 

THF Needle 
Plate 

Varies 
Varies 

[010] 
[010] 

This work 
This work 

Nitromethane Prism (001), Varies Varies This work 
Pyridine Prism (001), (102), Varies [010] or [100] This work 
DMF Plate 

Prism 
Prism 

Varies 
(001) 
(210), (111) 

Varies 
[010] or [100] 
[001] 

This work 
Galdecki et al. 1984 
McDermott et al. 1971 

Cyclohexanone Large Plate 
Needle 
 
Plate 

(100) or (001) 
(100) 
 
(001) 

[010] 
[010] 
 
[010] 

This work 
ter Horst et al. 1999,  
van der Heijden et al. 2004 
Connick et al. 1969 

γ-butyrolactone Prism (210), (111) [001] ter Horst et al. 1999, 2001 
van der Heijden et al. 2004 

DP Prism (100), (210), (111) [001] ter Horst et al. 1999, 
van der Heijden et al. 2004 

 

3.3.4 Co-Solvent Systems 

The use of co-solvent systems for the crystal growth of RDX was implemented due to its 

limited solubility in many of the traditional solvents used for crystal growth.  As a weakly polar 

compound it dissolves readily in ketones and to a lesser extent in alcohols.  It is not expected to 

dissolve in non-polar solvents or in highly polar solvents.59  Thus, it is highly soluble in acetone 

(12 g per 100 g solvent at 40°C),57 however, the exceptionally fast evaporation rate of this 
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solvent makes it difficult to work with in controlled growth studies.  It is much more soluble in 

cyclohexanone and γ-butyrolactone,51 however, the very slow evaporation rate of these solvents 

makes them impractical.  In addition, solubility of RDX decreases with increasing water content 

in the solvent due to the high polarity of water.60  In order to find a balance between solvent 

evaporation rate and solubility the use of co-solvents was tested for RDX crystal growth.  

The use of mixed solvent systems has been applied to other energetic materials.  For example, 

recrystallization of 7-amino-4,6-dinitrobenzofuroxan in the co-solvents N-methyl-2-pyrrolidone 

(NMP)/acetonitrile, NMP/chloroacetone and NMP/methanol varied from 1:1 to 1:4 

systematically changed the crystal morphology from rods to plates.61  These results were 

rationalized on the basis of binding site densities, where solvents inhibited growth on certain 

planes even though interaction of different solvent molecules on that plane is weaker than other 

planes.61  In the case of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), ionic liquid-DMSO co-

solvent systems were employed to increase the solubility of the compound.62  Recrystallized 

material showed improved crystal morphology as compared to the starting material.62 

In our work RDX was recrystallized from 2:1 acetone:X and 2:1 THF:X solvent mixtures, 

where X has a slower evaporation rate than acetone and THF.  Crystals grown from binary 

solvent systems were approximately the same size as those grown from single solvents. Growth 

from 2:1 acetone:benzene produced plate and prism crystals, but did not show any reproducible 

growth faces (Figure 3.15).  However, growth from 2:1 acetone:nitrobenzene produced prismatic 

crystals with dominant (001), (102), (111), (010) and (210) growth faces and elongation in the 

[100] direction (Figure 3.15).   Crystals grown from 2:1 acetone:pyridine had two different 

morphologies, cubic prisms and triangular prisms.  The cubic prisms had dominant (010) and 
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(111) faces, while triangular prisms had multiple growth faces.  Both morphologies were 

elongated in the [100] direction (Figure 3.16).  

 

 

 

Figure 3.15. Morphologies for α-RDX grown from the co-solvent system (a) 2:1 
acetone:benzene, which had plate and prism morphologies  and (b) 2:1 acetone:nitrobenzene, 

which had a prismatic morphology and elongation in the [100] direction. 
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Figure 3.16. Morphologies of α-RDX grown from the co-solvent system 2:1 acetone:pyridine (a) 
cubic prism morphology with grow face (010) and (b) triangular prism morphology.  Both 

morphologies were slightly elongated along [100]. 

 

Growth from 2:1 THF:nitrobenzene resulted in prismatic crystals with (102), (010) and (210) 

dominant faces and an elongated [100] axis.  From 2:1 THF:cyclohexanone prismatic crystals 

grew with a variety of faces and a more spherical morphology (Figure 3.17).  The sizes of these 
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crystals were approximately the same as those seen from THF and cyclohexanone.  Single 

crystal growth was not seen for nitrobenzene, most likely due to the high solubility of the 

material in this solvent and the very slow evaporation rate of the solvent.  

 

Figure 3.17. Morphologies of α-RDX grown from the co-solvent system (a) 2:1 
THF:nitrobenzene, which had prismatic morphologies and an elongated [100] axis and (b) 2:1 

THF:cyclohexanone, which also had prismatic morphologies. 

The most striking difference between crystals grown from single solvent systems and co-

solvent systems is that for the majority of crystals the elongated axis changes from [010] to 
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[100].  The (210) and (010) faces are also present in most of the crystals grown from the co-

solvent systems, which were not seen in growth from single solvent systems (Table 3.5).  The 

change from single solvents to co-solvents minimally effects solubility and evaporation rate.  

This data shows that changes to these variables effects the relative growth rate of they crystal 

faces and the overall crystal morphology. 

 

Table 3.5. Summary of growth morphology, major faces and prism axis α-RDX grown from co-
solvent systems. 

Solvent Morphology Major Faces {hkl} Elongation 
Axis 

2:1 Acetone:Nitrobenzene Prism 
Plate 

(001), (102), (210), (111), (010) 
(001), (210) 

[100] 
[010] 

2:1 Acetone:Benzene Varies Varies Varies 
2:1 Acetone:Pyridine Cubic Prism 

Triangular Prism 
(010), (111) 
Varies 

[100] 
[100] 

2:1 THF:Nitrobenzene Prism (102), (010), (210) [100] 
2:1 THF:Cyclohexanone Prism Varies [010] or [001] 

 

3.3.5 Slow Growth Rate 

In an effort to understand how the crystal growth rate effects the morphology of RDX, the 

growth rate of crystals was slowed by using capped vials instead of vials covered with 

Parafilm.™  Crystal growth from THF in capped vials took a week as opposed to a few days for 

the Parafilm™ covered vials.  For comparison, crystals grown from acetone and THF took a few 

days, while those grown from binary solvent systems took longer.  Crystals grown from 

nitromethane took about a week, whereas crystals grown from DMF, cyclohexanone and 

pyridine took over a week. 

Expanding the growth time altered the needle-like and plate-like morphologies (THF, few 

days of growth) to a prismatic morphology (THF, week of growth).  Dominant crystal faces were 
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(102), (111) and (021).  The (102) face was seen in the 2:1 acetone:nitrobenzene and 2:1 

THF:nitrobenzene binary solvents, but the (021) face was not seen before. The elongated axis for 

these slow growth crystals is the [100] and not the [010] axis seen for faster grown crystals from 

THF.  The slow growth crystals were also larger than the faster grown THF crystals (Figure 

3.18).  Slow growth appears to have the similar morphological features to the binary solvent 

systems, however crystal growth takes longer than in the binary systems. 

 

Figure 3.18. Morphologies of α-RDX grown from THF with a slow evaporation rate. 

 

3.3.6 Characterization of Solvent Effects on α-RDX Crystal Growth 

 The solvent used for crystallization can affect the morphology of the crystal for a variety of 

different reasons which include solubility of material in given solvent, rate of evaporation, 

polarity of solvent, and solvent-surface interactions for a specific crystal form.  The molecular 
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interactions at the crystal faces of α-RDX are dominated by NO2 groups.  The densities of NO2 

groups were calculated for each face (Table 3.6).  The differences among crystal faces affects the 

solvent interactions on these individual faces and can lead to enhanced or decreased relative 

growth rates depending on the solvent. 

 

Table 3.6. Density of NO2 groups RDX crystal surfaces. 
Face (hkl) Cell Parameters Used 

for Calculation 
# of NO2 groups projecting 
from surface (NO2 density) 

(100) 11.574 X 10.709 4 (1 per 30.99 Å2) 
(010) 13.182 X 10.709 2 (1 per 70.58 Å2) 
(001) 13.182 X 11.574 2 (1 per 76.28 Å2) 

 

 For crystal growth of α-RDX, the crystal morphology changed significantly between crystal 

growth from single and co-solvent systems in that the use of co-solvent systems induced the 

appearance of the (210) and (010) crystal forms, presumably by slowing their growth rate (versus 

accelerating the growth rate of other faces).  A second major difference between crystals grown 

from single solvent systems and those grown from co-solvents systems is that the prism axis 

switches from [010] axis to the [100] axis.  Looking at the interactions of the NO2 groups along 

those faces the most striking difference is that the (100) face has a higher density of NO2 groups 

(1 NO2 per 30.99 Å2) whereas, the (010) face has (1 NO2 per 70.58 Å2), making the former more 

hydrophobic than the latter (Figure 3.19).  
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Figure 3.19. Molecular packing diagrams for the crystal faces of α-RDX at (a) (010) face, which 
has an NO2 group density of 1 NO2 per 70.58 Å2 and (b) (100) face, which has an NO2 group 

density of 1 NO2 per 30.99 Å2. 

 

 In addition to these changes of the crystal face, the main structural feature of α-RDX is the 

“cupping” of the molecules along the a-axis (Section 3.2.1).  This means that for acetone and 

THF the “cupping” is probably not disrupted, while 2:1 acetone:nitrobenzene, 2:1 

THF:nitrobenzene and 2:1 acetone:pyridine solvents may disrupt this interaction slowing the 

growth in the [010] direction.  

 In order to understand why this may be the case, geometry optimization of a solvent molecule 

(acetone or nitrobenzene) with an α-RDX molecule (coordinates fixed) was performed using the 

Forcite program as employed by Materials Studio 4.3.  The Drieding63 forcefield was used in 

conjunction with Gasteiger64, 65 to estimate charges on the nitro groups.  Fractional coordinates 

for α-RDX were taken from Choi et al.19 using refcode CTMTNA.  Seven different initial 

starting positions of  each solvent molecule were tied and lowest energy of each of these is 

shown in Figure 3.20.   

(a) (b) 
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Figure 3.20. Molecular diagrams of geometry optimized calculations of (a) α-RDX with an 
acetone molecule and (b) α-RDX with a nitrobenzene molecule. 

  

 Calculations with acetone as the solvent molecule shows that the lowest energy is when the 

carboxyl group is tilted slightly into the α-RDX “cup” (Figure 3.20a).  For the nitrobenzene 

molecule the lowest energy was found when nitrobenzene was located opposite to the α-RDX 

“cup” and the equatorial NO2 group of α-RDX and the NO2 group of the nitrobenzene were 

stacked (Figure 3.20b).  This interaction may lead to a decrease in the cupping interaction 

changing the growth rate by slowing it in the [010] direction.  If growth in the [010] direction is 

suppressed than the (010) face grows more slowly and becomes morphologically significant.  

Elongation would then have to occur along a different direction.  According to experimental 

results this is the [100] direction.  

 The crystal growth rate also affects the morphology as shown by the slow grown THF 

crystals.  For these crystals the dominant forms as well as the prism axis was shown to be the 

same as for the co-solvent grown crystals.  Since the rate of crystal growth from these co-solvent 

(a) (b) 
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systems was slower than those grown from the single solvent systems it follows that the growth 

rate has a large effect on the morphology of the crystals and enhances the appearance of higher 

order faces such as the (102) and (210) faces.  These observations are in agreement with the 

literature as it has been noted that faster growth diminishes the growth rate of the (100) and (010) 

crystal faces (which makes them more morphologically significant).55, 57  Additionally, the 

relative facial area of  the (210) form for seeded crystal growth was found to increase with 

decreasing growth rate.57   

 These results show that the morphology of RDX crystals is complex and changes due to a 

variety of factors.  However, the careful study of the growth morphologies can lead to certain 

reproducible faces.  Since crystal morphology effects detonation properties this information is 

useful in the development of PBXs.  Knowledge of the solvent binding on different surfaces may 

also give insight into how polymer binders (depending on their monomer units) interact with the 

crystal surface. 

3.4 Defect Structure of α-RDX Crystals 

 The defect structure of RDX has previously been examined by a variety of different 

methods.  They include etch pit formation,54 X-ray powder diffraction,66, 67 optical microscopy 

and confocal Raman microscopy68 and optical microscopy with a refractive index matched 

liquid.14, 15  However, the most heavily utilized method is X-ray topography (XRT), which 

images the defect microstructure of crystals and is particularly useful for observing growth 

defects and distortions (Section 2.3.4).  This method is the best single assessment technique for 

identifying crystal defects as it has the ability to non-destructively image the whole bulk crystal 

with high resolution.  Imaging of many types of defects, domain structures, impurity striations, 
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dislocations, vacancies, interstitials, stacking faults and grain boundaries is possible.69-71 

 Previous XRT work has examined the defect structure of RDX using large single crystals 

of RDX sliced along specific crystal faces (slice planes) in order to quantify the magnitude, 

density and direction of dislocations.57, 58, 72, 73  RDX defects characterized by this method have 

been attributed to the growth process of the crystal itself.  For example, Halfpenny et al.57 found 

that the dislocation densities of RDX crystals grown from acetone, range from 10 to 103 cm-2 

depending on their growth conditions (e.g. variation in temperature and growth rate) where 

slower growth rates and lower growth temperatures resulted in lower defect densities.  In a 

subsequent paper Halfpenny et al.73 characterized the direction and magnitude of the dislocations 

by assigning Burgers vectors to the dislocations.  The dislocations in RDX crystals have been 

shown to be correlated to the etch pits on the crystal surface by XRT experiments.58  Internal 

strains on RDX topographs have also been imaged, and correlated to the growth conditions.72    

 Since α-RDX can be grown from a variety of solvents, this work sought to compare and 

contrast defect densities as a function of growth solvent.  Whole RDX crystals were examined by 

XRT in order to get a qualitative view of the defect structure over the entire crystal when grown 

from different solvent conditions.  To our knowledge, this is the first application of whole crystal 

XRT imagining of α-RDX.  However, this technique has previously been used to analyze defects 

in protein crystals obtained under different growth conditions.74-76  Our comparison of whole 

crystal topographs shows that growth rate (Section 3.4.2.1) and solvent (Sections 3.4.2.2 & 

3.4.2.3) has a direct effect on defect structure.  

3.4.1 Monochromatic XRT on Whole α-RDX Single Crystals 

 Monochromatic XRT, discussed in Section 2.3.4.2, was performed on whole RDX crystals 
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grown by slow evaporation.  In these experiments, performed using synchrotron radiation at 

Argonne National laboratory, a single crystal was rotated in situ until a Bragg condition was met, 

and a topographic image emerged.  The {hkl} value for each image was calculated based on the 

geometry of the setup.  Two α-RDX crystals grown from a nitromethane solution were imaged 

using this type of XRT. 

  For Crystal A (Figure 3.21), two Bragg conditions were met, resulting in three topographic 

images.  In the first Bragg condition, (002) (Figure 3.20A), there is a dark band running through 

the center of the image, which suggests a crystal edge or a growth sector boundary.  In the 

second Bragg condition, two images could be obtained, 0.4° apart: from (111) to (111)*.  This 

provides an overall view of the crystal.  The topographic image (111) shows homogeneous 

diffraction (on the top and bottom sections of the crystal) and clear edges, suggesting there are 

no lattice distortions and relatively few defects.  The topographic image (111)* shows the 

diffraction of the top part of the crystal for the same Bragg condition.  The fact that multiple 

images are seen from a slight change in the Bragg angle suggests orientation contrast, which is a 

result of misorientation in the crystal lattice.  In Crystal B (Figure 3.21B), reflection (200) shows 

the same type of contrast imaging as the (002) topographic image of Crystal A, where the dark 

band may represent strain at the crystal edge or a growth sector boundary.  These images indicate 

that most of the defects seen in these RDX crystals come from orientation contrast diffraction 

and are due to geometric misalignments of the crystal lattice.    
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Figure 3.21. Monochromatic XRT images of α-RDX grown from nitromethane.  For Crystal A, 
two Bragg conditions were met, which resulted in three topographic images.  Image (111)* is the 

result of moving the Bragg angle 0.4° from topography (111).  Crystal B resulted in one 
topographic image. 

 

 The rocking curve, or monochromatic radiation in the reflection range, can be determined 

by rotating the crystal and measuring the diffraction widths.  For the two RDX crystals analyzed, 

the diffraction width is 0.1 – 0.13°.  This provides an estimate for the average mosaicity of the 

crystals.  Crystals with a diffraction width greater than 1° are considered to be polycrystalline.  

The greater the diffraction width, the more misalignment is present in the crystal lattice. The 

small diffraction width for these crystals suggests that they are relatively well-ordered. 

3.4.2 White Beam Topography on whole α-RDX Single Crystals 

 The decommissioning of the Argonne bean line meant redirecting our experimental 

(100) 

Crystal A 

Crystal B 

{hkl} (002) (111) (111)* 

{hkl} (200) 
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topography efforts to NSLS.  There, white beam XRT was used exclusively (Section 2.3.4.3).  In 

this type of XRT, multiple topographic images are generated at once due to the polychromatic 

beamline.  By orienting the Laue patterns generated from these multiple topographic images, we 

were able to assign {hkl} values to individual topographic spots.  While comparison of identical 

{hkl} values between different samples is nearly impossible, the important point is that 

topographic images from different regions of the crystal can be qualitatively compared. Three 

topographic images from different regions of  the same crystal are compared throughout this 

work.  Generally, topographic images of five samples from each growth condition were taken to 

help ensure that at least two crystals from each condition would result in comparable images. 

 Interpretation of these images is most valuable when they are compared to each other. 

Defects in the crystal are indicated by differences in the homogeneity of the diffraction pattern.   

Generally, the more inhomogeneous the diffraction pattern, the more defects are present, 

whereas homogeneous diffraction patterns indicate that a crystal is relatively defect free.  Ill-

defined edges of an image suggest poor crystal quality, while blurriness of an image indicates 

lattice distortions in the crystal.   

 We wanted to use XRT to discern differences in the defect densities of whole α-RDX 

crystals as a function of different growth conditions.  The following sections discuss differences 

in the defect densities as a function of growth rate (Section 3.4.2.1) and solvent (Sections 3.4.2.2 

and 3.4.2.3). 

3.4.2.1 Investigation of the Growth Rate in Relation to α-RDX Defect Structure 

 The work of Halfpenny et al.57 demonstrated that slower growth rates led to improved 

crystal perfection in RDX crystals grown in acetone.  In light of this observation, we examined 
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topographic images of RDX crystals grown at different rates by room temperature slow 

evaporation of THF.  This method used vials which were capped instead of vials covered with 

Parafilm.  These crystals took about a week to grow, in comparison to a few days for the 

Parafilm covered vials at room temperature.  Additionally, crystals were grown from THF in 

fluorinated and non-fluorinated vials to determine if the supersaturation level affects the crystal 

defect density as fluorinated vials suppress nucleation on the sides of the vials leading to a more 

concentrated solution (Figure 3.22). 

 Crystals grown from THF under slower evaporation conditions were larger and had 

prismatic morphologies, as opposed to plates and needles seen from faster growth. Topographic 

analysis of these crystals showed them to be relatively free of defects, as the diffraction has high 

homogeneity and the crystal edges are clearly defined (Figure 3.22 A, B).  Crystals grown from 

THF at a faster rate have plate-like and needle-like morphologies.  Topographic images of these 

crystals show light inhomogeneities in the diffraction contrast, which suggests dislocations in the 

crystals, however the topographic images differ for the different morphologies (Figure 3.22 C, 

D).  These results are in agreement with the work of Halfpenny et al.57 in that slowing the growth 

rate of the crystals generates higher quality crystals. 

 THF crystals grown from fluorinated vials were larger and more prismatic than those 

grown from non-fluorinated vials.  Their defect structures, however, varied over the samples 

(Figure 3.22 E, F).  Crystal E (-100) and (01-2) have dark bands in the images, suggesting grain 

boundaries, while the top left of Crystal F (0-10) has thin dark lines, which suggest dislocation 

defects.  Reflections (-1-10) and (02-1) of Crystal B have relatively homogeneous diffraction, 

which implies that few defects are present. 
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Figure 3.22. XRT images of RDX solution grown from THF in glass vials, fluorinated glass vials 
and by slow evaporation. Scale bar = 100 µm. 

 

3.4.2.2 Effects on the Defect Structure of α-RDX Crystals Grown from Single Solvents 

α-RDX crystals were grown at room temperature by room temperature slow evaporation 

(vials covered with Parafilm™) from five solvents (acetone, THF, nitromethane, DMF and 

cyclohexanone) in order to investigate the effect of growth solvents on the defect structure of the 

crystals.  Crystals grew from acetone and THF in a few days.  Crystals grew from nitromethane 

in about a week, and it took over a week to grow crystals from DMF and cyclohexanone. 
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Figure 3.23. Crystal pictures and XRT images of RDX from (A) acetone plate morphology, (B) 
acetone prism morphology, (C) THF plate morphology and (D) THF needle morphology. Scale 

bar = 100 µm. 

 

Crystals grown from acetone with a (001) dominant face exhibit both plate and prism 

morphologies.  Topographic images of these plate and prism morphologies reveal differences in 

their defect structures.  Topographic images for the plate morphology show well-shaped crystals 

with homogeneous diffraction (Figure 3.23).  The uniform diffraction contrast across each image 

obtained from Crystal A indicates the absence of single dislocations or growth boundaries and a 

relatively defect-free crystal. 

In contrast, the reflections from Crystal B with a prism morphology do not have well-defined 

crystal features.  Furthermore, darker diffraction bands are observed, which indicate the presence 

of grain boundaries in the crystals, seen especially in reflections (21-2) and (34-1) in Crystal B.  
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Reflection (-1-2-3) also has inhomogeneities in the diffraction pattern, implying that there are 

different types of defects in the regions of the crystal.  The striking differences between these 

two morphologies indicate that the simpler plate morphology is relatively free of defects, while 

the more complicated prism morphology induces many growth defects. 

 Crystals grown from THF also show that the morphology affects the defect structure of the 

RDX crystals (Figure 3.23 C, D).  THF crystals with a plate-like morphology show slight 

inhomogeneties in the diffraction contrast.  The needle crystals have more homogeneous 

diffraction, suggesting that needles have fewer defects than plates. 

 Overall, both THF grown crystals in either morphology have fewer defects than those grown 

in acetone.  These XRT images suggest that simpler crystal morphologies, i.e. the acetone plate 

and the THF needle morphologies, lead to crystals with fewer defects.  Although sample size 

may be a factor in the analysis of this data. 

 Additionally, crystal growth from three other solvents (nitromethane, cyclohexanone, and 

DMF) was examined.  Topographic images prismatic of nitromethane and plate-like 

cyclohexanone grown α-RDX crystals show that the defect structures vary greatly from sample 

to sample, as well as between different regions of the same sample (Figure 3.24).  
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Figure 3.24. XRT images for α-RDX crystals grown from nitromethane, cyclohexanone, and 
DMF. Scale bar = 100 µm. 

 

 For crystal A, grown from nitromethane, the (-2-10) and (1-3-1) reflections show detailed 

inhomogeneities, which seem to originate in the center of the crystal and spread outward.  These 

are likely local misalignments or dislocations.  The (2-2-1) reflection shows a dark band running 

through the center of the crystal indicating a larger-scale disorder.  In general, based on these 

topographic images, there appears to be no uniform defect structure that occurs in these samples. 

 This is especially noted in Crystal B, grown from nitromethane: in the (10-1) reflection, there 

is a dark diffraction patch in the center, which appears to be from lattice misalignments not seen 
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in other regions of the crystal.  Furthermore, the edges of the topographic image are not clearly 

defined (or even present), indicating poor crystal quality.  In contrast, the (-1-21) and    (0-11) 

reflections for this sample do not show as many inhomogeneities and have more well-defined 

edges (Figure 3.24 B).  Similarly, regions of cyclohexanone crystals also have vastly different 

defects (Figure 3.24 C, D).  

In comparison to nitromethane and cyclohexanone RDX crystals, those grown from DMF 

have a more uniform contrast over the whole topographic image and do not show 

inhomogeneities (Figure 3.24 E, F).  This indicates that they do not have lattice misalignments or 

dislocations.  However, all of the topographic images of crystals grown from DMF are blurry.  

This suggests large-scale lattice deformations which may be due to solvent inclusions in the 

lattice.  On a related note, this type of defect has been known to occur in RDX crystals grown 

from γ-butyrolactone.16 

 In this set of experiments, the defect structure of the RDX crystals varied from sample to 

sample.  This suggests that small changes in external factors, such as evaporation rate and 

solvent composition, can have a large effect on the defect structure.  In contrast to the other 

solvents, DMF was consistent in showing lattice deformations in crystals grown. 

 Solvents were chosen based on their varying properties.  For example, nitromethane has the 

lowest vapor pressure (bp = 100-103°), as compared to DMF (bp = 153°C) and cyclohexanone 

(bp = 155.65°C).  Cyclohexanone, which has a dielectric constant of 18.2, is the least polar 

solvent, as compared to DMF (dielectric constant 38) and nitromethane (dielectric constant 

39.4).  Presumably, solute-solvent interactions play a definitive role in the defect formation of 

RDX crystals.  However, no correlation between the defect density of the crystals and solvent 
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boiling point or polarity was seen. 

3.4.2.3 Effects on the Defect Structure of α-RDX Crystals Grown from Co-Solvents 

 The use of co-solvent systems was employed in order to affect the solubility of crystals 

grown.  The defect structure of these crystals was subsequently studied via XRT.  First, 2:1 

acetone:X solvent systems are discussed.  They include acetone:pyridine, acetone:benzene, 

acetone:nitrobenzene, and acetone:nitromethane (Figure 3.25).  Crystals grown from these 

solvent systems showed a variety of defect structures, even among samples obtained from the 

same growth conditions.  The one exception to this statement is 2:1 acetone:nitrobenzene, where 

the topographic images all showed homogeneous diffraction, suggesting higher quality crystals 

with fewer defects (Figure 3.25 G, H).  

 Crystals grown in fluorinated and non-fluorinated vials were compared to determine if 

supersaturation affected defect structure.  Growth in 2:1 acetone:benzene solution showed that 

the fluorinated vials yielded crystals with more homogenous diffraction, suggesting fewer 

defects.  However, this effect varied from crystal to crystal.  For example, Crystal F has 

homogeneous diffraction, while topographic images of Crystal E show dislocations and grain 

boundaries (Figure 3.25 E, F). 
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Figure 3.25. XRT images for α-RDX crystals grown from acetone and 2:1 acetone:X solvent 
systems.  Scale bar = 100 µm. 

 Crystals grown from 2:1 THF:X co-solvent solutions showed that defect structure is 

dependent on the co-solvent system.  For example, crystals grown from 2:1 THF:cyclohexanone 



149 
 

had homogeneous diffraction and appeared to be relatively defect-free (Figure 3.26 A,B).  

However, topographic images of RDX crystals grown from 2:1 THF:nitrobenzene were 

inhomogeneous (Figure 3.26 C, D). 

  

 

Figure 3.26. XRT images for RDX crystals grown from THF and 2:1 THF:X solvent systems.  
Scale bar = 100 µm. 

 

The topographic images above show a range of inter- and intra-crystal defects for the 

different co-solvent systems.  However, certain solvent combinations (2:1 acetone:nitrobenzene 

and 2:1 THF cyclohexanone) produced crystals with consistent homogeneous diffraction 

patterns, implying low defect densities. 

 Overall, topographic imaging of α-RDX crystals grown from different conditions has revealed 

a variety of defect structures.  Selecting certain growth solvents can change the overall defect 
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structure of the crystals.  Additionally, the morphology of crystals appears to have an effect on 

the defect structure, as simpler morphologies led to crystals with a lower defect density.  

However, the growth rate of the crystals seemed to be the biggest factor in affecting the crystal 

defect structure, with slow-grown crystals showing fewer defects.  

3.5 Template Effects on RDX Crystallization 

 Different crystallization methods are often employed to affect the overall properties of the 

crystalline material.  In this section the use of self-assembled monolayers (SAMs) was employed 

in order to affect the nucleation and subsequent growth of RDX crystals.  Previous work has 

shown this to be an effective method to generate different crystalline phases77-79 and control 

crystal orientation.80 

 Crystal growth of RDX on a variety of Au-thiol (Section 3.5.1) and silxoane monolayers 

(Section 3.5.2) using slow evaporation growth method was performed.  Crystals were analyzed 

using a combination of XRD, Raman spectroscopy, PXRD, and XRT in order to determine 

phase, morphology, orientation and defect structure.  

3.5.1 RDX Crystallization on Au-Thiol SAMs 

 Crystal growth using Au-thiol SAMs was attempted on alkane chain thiols varying in length 

from five to twelve carbons, functionalized alkane thiols (chloro, hydroxyl and carboxylic acid), 

functionalized aromatic thiols and mercaptobiphenyls (iodo, amino, nitro and bromo) substrates. 

Growth was observed on alkane chain thiol SAM surfaces (Section 3.5.1.1) and on control Au 

surfaces (3.5.1.2).  These experiments were assisted by Aliza Cruiz.  Crystallization using 

fluorinated vials or co-solvent systems might encourage growth on these SAMs, however it was 

not attempted for these substrates. 
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3.5.1.1 Crystal Growth on Alkane Thiol SAMs 

 Crystal growth from THF was observed on 1-pentanethiol, 1-octanethiol and 1-undecanethiol 

surfaces (Figure 3.27).  Crystal growth on 1-undecanethiol visually had the highest nucleation 

density with crystals nucleating right next to and in some case on top of each other.  Not all 

growth was single crystals, most of the precipitated material appeared to be polycrystalline, with 

a few larger single crystals.  1-Octanethiol surfaces appeared to have a lower nucleation density, 

also with some clumping of crystals.   Finally, 1-pentanethiol surfaces had the lowest nucleation 

density.  These observations show that shorter chain thiols induce a lower nucleation density 

than longer chain thiols, which leads to the growth of larger crystals.   

 The morphology of the surface grown crystals that were prismatic varied in their combination 

of faces between crystals.  These crystals are a different morphology from solution grown THF 

crystals which have a needle or plate morphology.  In addition, the surface grown crystals are not 

always elongated along the [010] direction as seen for solution grown crystals.  Face indexing of 

single crystals showed the face in contact with underlying substrate for the 1-octanethiol and 1-

undecanthiol SAMs to be the (001) face, whereas for the 1-pentanethiol, two contacting faces 

were seen, (001) and (010).   
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Figure 3.27. RDX crystal growth on 1-dodecanethiol, 1-octanethiol and 1-pentanethiol template 
surfaces from THF. 

 

 RDX crystals with a plate morphology were grown on 1-dodecanethiol surfaces from 

nitromethane.  These crystals nucleated in a clump with crystals on top of each other (Figure 

3.28). 
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Figure 3.28. RDX crystals grown from nitromethane on 1-dodecanethiol surface.   
Scale bar = 100 µm. 

 

 Single crystal indexing showed the large face to be the (100) face.  This face is the same large 

face seen from solution grown nitromethane crystals.   However solution grown crystals have 

prismatic morphology instead of the template grown plate morphology.  

 The defect structure of solution grown crystals were compared to template grown ones using 

XRT.  Images for crystals grown on 1-octadecanethiol and 1-undecanethiol surfaces are shown 

in Figure 3.29.  The images were not able to be oriented using the OrientExpress v 3.481, 82 as 

explained in Section 2.3.4.3, because the crystals were smaller than previous crystals and 

topographic spots could not been seen after the image was scanned and uploaded.  However, 

topographic images examined were taken from different areas of the whole Laue pattern in order 

to look at defects over different regions of these crystals.  The removal of these crystals from the 

surface may have inflicted defects into the sample, which cannot be distinguished from those 

inherent to the growth process.   
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Figure 3.29. XRT images of RDX grown on alkanethiol SAM surfaces from THF.   

Scale bar = 100 µm. 
 
 Topographic images of crystals grown from 1-octanethiol surfaces show a thick line which 

appears to outline the crystal.  This may be where the crystal was in contact with the surface.  

While this image can be seen for both crystals, it is most noticeable in the images of crystal A 

(Figure 3.29).  This suggests that for template grown crystals, defects are most noticeable at the 

boundaries where nucleation occurs.  Overall, 1-octanethiol template grown crystals seem to 

have fewer defects than comparable crystals grown from solution.  Topographic images of 

crystals grown on 1-undecanethiol do not exhibit a clear grain boundary.  The images show 

different defect structures for different samples.  For example, images for crystal C are blurry, 

suggesting lattice defects, whereas crystal D has dark bands, indicating grain boundaries (Figure 

3.29). This may be attributed to the fact that these crystals were nucleated much closer together, 

some on top each other.  The close proximity and physical touching of crystals to one another 
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could cause defects in these crystals.  Therefore, these crystals have a greater amount of defects 

than those grown on surfaces with a lower crystal nucleation density. 

3.5.1.2 Crystallization on Control Au Surfaces 

 Large needle crystals were seen on Au control surfaces and in solution when nitromethane 

was used as the solvent (Figure 3.30).  The Au control surfaces were rinsed in Piranha solution 

and ethanol and dried under nitrogen before use in crystal growth vials as a control.  Single 

crystal X-ray diffraction revealed these crystals to be hydroxylammonium sulfate ((NH3OH)2SO4 

unit cell a= 7.93 b=7.32 c=10.40 β=106.93).83  It is unclear whether this material came from 

impurities associated with the nitromethane solvent or with the RDX.   

   It is hypothesized that this material crystallized due to the interactions between the sulfate 

and gold and therefore was able to be separated from solution.  Though not reproducible, this 

result suggests an interesting alternative way in which to purify solutions containing trace 

amounts of sulfurous contaminants. 

 

Figure 3.30. Hydroxylammonium sulfate (a) crystals on Au surface, (b) molecular formula and 
(c) crystal structure packing diagram. 

 

(a) (b) (c) 
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3.5.2 Siloxane SAMs and RDX Crystallization 

 RDX crystal growth on siloxane monolayers was attempted on alkyl and haloalky (fluoro, 

bromo, chloro and iodo), hydrogen bond donor and acceptor silanes (amino, cyano and isocyano) 

and phenyl derivative silanes (phenyl, pyridine and dinitrophenyl) SAM templates.  Oriented 

crystal growth of RDX was seen for two different types of siloxane surfaces, those that have the 

ability to be charged (Section 3.5.2.1) and those with different halogen functional groups 

(3.5.2.2).  Oriented PXRD was compared with the calculated pattern for α-RDX (refcode 

CTMTNA19).  Even though it is possible that some of the crystals could be a different 

polymorphic form, all single crystal XRD and Raman spectroscopy concluded that the α form 

was the only form that nucleated on these surfaces. α-RDX has many systematic absences in the 

2θ 10 – 20° range including: (110), (101), (011), (201), (120) and (012).  If any crystals 

nucleated parallel to these faces, they would not be seen by oriented PXRD. 

3.5.2.1 Siloxane Surfaces with Electrostatic Interactions 

 α-RDX crystals grown on 3-aminopropyltrimethoxysilane (Si-3-NH2) and  

2(2-pyridylethyl)trimethoxysilane (Si-2-Pyr2) surfaces adopted different morphologies than their 

solution grown analogues  and preferred orientation with respect to the nucleating surface. 

(Figure 3.31).  These surfaces have the ability to nucleate crystals using electrostatic interactions.  

Crystal growth from 2:1 acetone:benzene  was performed in fluorinated vials, while crystal 

growth from all other solvents was done using non-fluorinated vials.  
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Figure 3.31. RDX crystal growth on a variety of siloxane surfaces labeled according to their 
terminal surface and solvent used for crystallization.  Crystals adopt different in morphologies 

based on the siloxane template and solvent used.  Scale bar = 100 µm. 

 

 Crystal grown from 2:1 acetone:benzene on both Si-3-NH2 and Si-2-Pyr2 surfaces had a 

needle morphology.  In contrast crystal grown from this solvent in the absence of an identifiable 

template exhibited a variety of morphologies (e.g. plate and prism).  Crystals grown from THF 

on the Si-3-NH2 surface adopted both plate and needle morphologies, which is comparable to the 

morphologies seen from solution grown THF crystals.  In general crystals grown on template 

surfaces are smaller than comparable solution grown crystals.   
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 Oriented PXRD showed that crystal growth on Si-3-NH2 surfaces always had some crystals 

oriented on the (002) face for acetone, THF and 2:1 acetone:benzene solvents.  However, growth 

from acetone also had an additional orientation of the (020) face.  Crystals grown from THF had 

(200), (002) and (102) orientations (Figure 3.32).  On Si-2-Pyr2, crystals only grew from 2:1 

acetone:benzene solvent, and these were oriented on the (002) face. 

 

Figure 3.32. Representative oriented PXRD for α-RDX grown on Si-3- surfaces in acetone and 
THF along with the calculated α-RDX PXRD pattern with the Miller Index of each peak labeled. 

 

 Plate crystals grown on Si-3-NH2 surfaces from THF were contacting the surface on the (001) 

face, while needle crystals contacted the surface on the  (100) as examined by single crystal X-

ray diffraction.   Both morphologies were slightly elongated in the [010] direction, which is 

comparable to solution grown crystals.  



159 
 

 Single crystal XRD and oriented PXRD showed that prismatic crystals grown from 2:1 

acetone:benzene on Si-3-NH2 surfaces were nucleated on (001) and elongated in the [010] 

direction.  This is comparable to the plate crystals grown from THF.  These results show that 

both solvent and template interactions play a role in determining the orientation of crystals on 

SAM surfaces. 

 The defect structures of template and solution grown crystals were compared using XRT 

(Figure 3.33).  As with the previous surface grown images, these topographs could not be 

oriented (Section 2.3.4.3), as they were too small.  

 

Figure 3.33. XRT of RDX crystals grown on Si-3-NH3 surfaces from 2:1 acetone:benzene and 
THF.  Scale bar = 100 µm. 
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 Comparison of crystals grown on Si-3-NH2 surfaces from THF and 2:1 acetone:benzene 

shows differences in the defects for the plate and needle morphologies.  Crystals with needle 

morphology had fewer defects than those with plate morphologies.  Plate morphologies for these 

surface grown crystals showed a variety defect structures and seem to be of generally lower 

quality than the solution grown ones, especially for crystals grown from THF.  It is unclear 

which defects are inherent in the growth and which are caused from the removal of crystals from 

the surfaces. 

3.5.2.2 Siloxane Surfaces with Halogen Functional Groups 

 α-RDX grown on 3-bromopropyltrimethoxysilane (Si-3-Br),  

3-chloropropyltrimethoxysilane (Si-3-Cl), 3-iodopropyltrimethoxysilane (Si-3-I) and  

n-propyltrimethoxysilane (Si-2-CH3) was attempted from both THF and nitromethane.  THF 

(002) and (102) orientations were in contact with the substrate for all surfaces except Si-3-I 

which did not nucleate crystals.  For nitromethane the (002) orientation was observed on Si-3-Cl, 

Si-3-I and Si-3-CH3, while those on Si-3-Br were oriented along (102) (Table 3.7). 

Table 3.7 Orientation of α-RDX grown on halogenated siloxane templates from THF and 
nitromethane. 

Siloxane Template THF { hkl}  Nitromethane { hkl}  
Si-3-Br (002), (102) (102) 
Si-3-I -n/a- (002), (004) 
Si-3-Cl (002), (102) (002) 
Si-2-CH2 (002), (102) (002) 

 

3.5.3 Comparison of RDX Crystal Growth in Solution and on SAM Templates 

 In general crystals grown on SAM templates are smaller than those grown in solution from 

the same solvent.  While in certain cases they have the same general morphology (THF), other 

times the morphology changes (2:1 acetone:benzene).  In either case, crystals grown on  
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template surfaces are bound by fewer faces and the overall morphology is simpler (Figure 3.34). 

 XRT data has shown that the defect structure of crystals grown on templates is different than 

those of crystals grown in solution, but also depends on the template surface and solvent.  The 

fact that removal of the crystals from the surface may introduce defects which cannot be 

distinguished from defects generated due to growth.  

Figure 3.34. Comparison of template and solution grown RDX crystals.  Both template grown 
and solution grown THF crystals have needle and plate morphology.  2:1 acetone:benzene 

crystals grown on templates have a rectangular morphology, while crystals grown in solution are 
prismatic.  Solution grown 2:1 acetone:benzene are much larger and have more faces than 

template grown crystals. 

 

3.6 Conclusions 

 Changing the crystal growth conditions for RDX leads to crystals that have different sizes, 

morphologies and defect structures.  While it has long been known that these properties affect 
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the detonation of RDX in  plastic bonded explosive, detailed analysis from different growth 

conditions has not been previously undertaken.  In general crystal growth from single solvent 

systems led to crystals elongated in the [010] direction with the crystal faces (001) and (111). 

Crystal growth from mixed solvent systems led to crystals elongated in the [100] direction with 

the crystal faces (210) and (010).   

 XRT imaging showed that crystals with simple plate or needle morphologies had fewer 

defects than prismatic crystals with more complicated morphologies. Crystal growth in the co-

solvent systems 2:1 acetone:nitrobenzene and 2:1 THF:cyclohexanone enabled growth of 

prismatic crystals that had fewer defects than those seen in the individual solvent systems.  The 

use of SAMs as nucleation templates for RDX crystal growth produced smaller crystals with 

simpler morphologies.  Direct comparison of the template and solution grown crystals is 

complicated by the need to remove the crystals from the surfaces prior to XRT analysis. 

 This careful analysis of RDX crystals grown from different conditions demonstrates that a 

variety of crystal morphologies and defect structures are possible.  Different types of defects can 

be ascribed to certain growth conditions and differences in these crystalline properties can have 

important implications in the detonation and sensitivity of the explosive as a whole.  Sensitivity 

testing on a batch of RDX crystals with a uniform morphology and/or defect structure would be a 

reasonable next step toward understanding whether different morphologies and/or defect types 

impact the detonation properties of this material.  
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CHAPTER 4 CRYSTAL GROWTH AND PROPERTIES OF THE METASTABLE  FORM OF RDX 
RDX 

 

4.1 Introduction 

The crystal structure of the metastable β-RDX phase remained elusive until only recently 

when a single crystal was serendipitously grown inside a capillary.1 In contrast, the crystal 

structure of the room temperature stable form, α-RDX, was determined almost forty years ago 

using neutron diffraction.2  X-ray analysis of α-RDX at low temperature (90 K) was 

subsequently reported.3  The long lag time between the discovery of β-RDX and its structure 

determination is typically ascribed to two factors.  First there is a long standing assumption that 

β-RDX is only attainable from a relatively specialized set of growth conditions.  For example, 

McCrone4 states that “an unstable polymorph can be obtained by recrystallization…from high 

boiling point solvents” and Karpowitz5 agrees stating that “β-RDX can be formed when RDX 

crystallizes from certain high boiling point solvents.”  These sentiments have been restated in 

most literature sources referring to β-RDX ever since. 

The second and more challenging issue in the characterization of β-RDX has been its 

metastability, as it is known to readily and irreversibly convert to the more stable α-RDX form.  

Other authors have estimated the lifetime of a β-RDX single crystal to be from a few seconds to 

several days.4, 5  The phase transformation from β to α is usually reported to occur as a result of 

either sharp agitation5 or contact with an α-RDX crystal.1, 5  To date, the tendency to undergo 

this phase transition upon contact or manipulation with other objects seems to have limited in a 

practical sense the extent to which the β-RDX phase has been characterized.  Consequently, α-

RDX is exclusively used in all commercial applications, most often as a PBX. 

! 

"
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In this chapter we demonstrate that, contrary to the historical record, β-RDX crystallizes 

consistently from a ubiquitous range of solvents, including solvents with low boiling points such 

as acetone and THF using drop cast crystallization from dilute solutions (Section 4.2).  This 

method effectively immobilizes β-RDX crystals thereby rendering them stable over much longer 

time periods (several months to a year).  Additional analysis of the transformation of β-RDX to 

α-RDX has given more insight into how this might occur and suggests that the β to α conversion 

may be anisotropic and face dependent, due to a visible wavefront which passes through the 

crystal in a specific direction upon mechanical stimulation.  Differences in the behavior of α-

RDX and β-RDX upon exposure to electron beam irradiation have been observed, which 

indicates differences in the decomposition of this material (Section 4.4.3).  The improved 

stability of β-RDX seen in this work has enabled the most detailed analysis of the thermal 

(Section 4.4.1) and morphological properties (Section 4.4.2) of this phase to date.   

 The differences in the properties of β-RDX as compared to the more commonly used and 

studied α form may be of significant impact in the development of RDX as a military explosive 

and industrial tool.  The solid-state transformations of this material are important to examine in 

detail as transformations from one polymorph form to another are known to cause macroscopic 

defects, i.e. cracks and voids, which can change the detonation sensitivity of an energetic 

material.6, 7  Furthermore, reproducibility of performance is important in the development of 

PBXs.  Polymorphic variations and transformations, if not accounted for, can compromise the 

expected performance of the explosive.8 The observations in this work confirm that differences 

in the structures of the two forms can be correlated to differences in their material properties and 

by extension their performance as a secondary explosive.   
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4.2 Crystal Growth of β-RDX 

The original focus of this work was to use self-assembled monolayers as nucleation templates 

for RDX in the hopes that control over phase, morphology and other parameters could be 

elucidated.  Previous work has shown this to be an effective method to generate metastable 

forms,9-11 though generating RDX forms other than α was by no means a certainty.  

Crystallization of RDX by slow evaporation followed by extensive analysis using XRD and 

PXRD showed no evidence of β growth, either singly or even concomitantly with α.  Somewhat 

surprisingly and contrary to many literature sources, β-RDX proved to be relatively easy to grow 

from a wide variety of solvents using drop cast crystallization methods on glass substrates.  

Using the drop cast crystallization method, some conditions yielded both α and β simultaneously 

(concomitant polymorphism) whereas others gave exclusively either α or β.   

Establishing the parameters which lead to phase control enabled analysis of some of the 

physical properties of β-RDX which have been historically elusive.  β-RDX was originally 

identified serendipitously when precipitate that formed on Au-thiol surfaces after they had been 

taken out of solution was analyzed by Raman spectroscopy.  This result led to drop cast 

experiments which enabled the fast nucleation rate that occurred when the surfaces were taken 

out of solution.  Drop cast crystallization experiments utilized two types of substrates – plain 

glass and piranha cleaned glass slides.  The latter is more hydrophilic, as evidenced by its lower 

contact angle with water (~9° vs 78±3°).  Crystallization was examined from three solvents: 

acetone, nitromethane and DMSO.  Crystallization from 1µl drops was almost instantaneous in 

the drops cast from acetone (bp 56.53°C) due to the high vapor pressure of this solvent.  

Crystallization took a few minutes in nitromethane (bp 100-103°C) and a few days in DMSO (bp 
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189°C).  Concomitant mixtures of α and β-RDX crystals were obtained from most of the drop 

cast experiments performed in acetone and nitromethane, while crystallization from DMSO 

typically yielded exclusively one phase or the other.   

The assignment of individual crystals as α and β was readily accomplished by Raman 

microscopy.12, 13  The two forms can be distinguished in three separate regions of the spectra.  

The β-RDX ring breathing mode at 877 cm-1, while the α-RDX ring breathing peak is centered at 

883 cm-1.  The downshifting of the β-RDX peak indicates less ring strain than in α-RDX.  In the 

N-O stretching region, the more symmetrical β-RDX phase has one broad peak centered at 1574 

cm-1, while α-RDX has three sharp peaks centered at 1540 cm-1
, 1570 cm-1

  and 1594 cm-1
.  

Similarly, in the C-H stretching region β-RDX has two peaks centered at 2989 cm-1 and 3075 

cm-1, while α-RDX has four peaks centered at 2947cm-1, 3000 cm-1, 3065 cm-1 and 3075 cm-1 

(Figure 4.1).13 

 

Figure 4.1. Polarized light microscopy images of α and β-RDX grown from nitromethane (left) 
Scale bar = 100 µm. Raman spectra of α-RDX and β-RDX with distinguishing peaks labeled 

(right). 
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The fact that β-RDX crystals could be reliably grown from drop cast crystallization of low 

boiling point solvents runs in sharp contrast to nearly all literature reports which assume that β-

RDX can only be obtained from high boiling point solvents1, 4, 5, 13, 14 or from the melt.15  When 

concomitant crystal growth was observed, crystals of the two phases were not found in physical 

contact but rather spatially separated on the glass slide.  This is important to note, since contact 

with an α-RDX crystal is known to induce a β to α transformation.1  Concomitant crystallization 

was never observed from DMSO on these surfaces.  Rather, any experiment yielded either 100% 

α or β.  We ascribe this observation to the fact that crystals formed from this solvent tended to 

form in clusters and/or grow in close proximity to one another.  Presumably if all contacting 

crystals initially formed were β, the sample was exclusively β, however, if only one crystal of 

the α form is present and in contact, it would cause complete sample conversion to α.   

In an effort to further explore concentration effects on the α:β distribution of RDX crystals 

formed from acetone, drop cast crystallization was performed from 1 µl drops with three 

different concentrations (5, 10 and 30 mg/mL) on both glass and hydrophilic glass surfaces.  

Raman measurements of 50 separate crystals obtained under each set of conditions were taken 

within two days of crystallization (Table 4.1).  From lower concentrations more crystals are seen 

per drop; however, they are significantly smaller than those seen for higher concentrations. 

Table 4.1. Polymorph distribution of RDX grown from acetone for different concentrations and 
surfaces. 

 

 

 

 5 mg/mL 
α(%)    β(%) 

10 mg/mL 
α(%)    β(%) 

30 mg/mL 
α(%)   β(%) 

Plain Glass Slides 18 82 8 92 100 0 
Hydrophilic Glass Slides 0 100 0 100 44 56 
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These results show the overwhelming predominance of β deposits from low concentration 

drops (5-10 mg/mL), and more α crystals appearing from higher concentration drops (30 

mg/mL).  Using plain glass substrates the α:β ratio was 8-18: 82-92 when low concentration 

drops were used but 100% α-RDX when 30 mg/mL drops were used.  Other solvents showed 

similar trends, albeit with different α:β ratios.  For example, 30 mg/mL nitromethane solutions 

drop cast on plain glass slides still maintained a majority of β crystals (22:78 α:β ratio).  The 

comparatively longer evaporation time needed for DMSO droplet evaporation and propensity to 

yield exclusively α or β crystals limited the utility of a concentration dependent study from this 

solvent.  

The proportion of β-RDX was generally higher (at all solution concentrations) when 

hydrophilic glass surfaces were used.  Only β-RDX was obtained from 5 and 10 mg/mL acetone 

solutions; an α:β ratio of 44:56 was obtained from 30mg/mL drops.  In order to discern the 

possible role of the substrate a smaller study was done on Si-2-CF3 (contact angle 74° ± 4) 

surfaces with drop cast crystallization from acetone, THF, nitromethane and DMSO once again 

at three concentrations (5 mg/mL, 10 mg/mL and 30 mg/mL).  Statistics were calculated from 

Raman spectroscopy analysis of fifteen individual crystals grown under each set of solvent and 

concentration conditions (Table 4.2) 
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Table 4.2. Polymorphic distribution of RDX grown on Si-2-CF3 surfaces for different 
concentrations and solvents. 

 5 mg/mL 
    α(%)          β(%) 

10 mg/mL 
     α(%)          β(%) 

30 mg/mL 
   α(%)          β(%) 

Acetone     6.7           93.3       0               100      73.3           26.7 
THF     40              60       0               100      80               20 
Nitromethane     40              60      40               60     93.3             6.7 
DMSO     20              80     66.7            33.3     86.7            13.3 

 

These results showed the same trend as the previous results in that lower concentration 

solutions showed a greater predominance for the β form, however, the magnitude of  the bias 

toward β varied depending on the solvent choice.  It was also curious that for acetone and THF at 

10 mg/mL all of the samples were the β form, while at 5 mg/mL the α and β forms were both 

seen to grow, which may be a function of the limited data set.  In DMSO, the β form was seen at 

all concentrations, though its percentage was lower than in other solvents.  This may also be due 

to the longer evaporation time, as it has been shown the least stable phase is nucleated more 

often than the more stable one under fast solvent evaporation conditions.16, 17  Additionally, a few 

of the samples did show concomitant growth of the two forms, which was not seen in DMSO on 

plain or hydrophilic glass slides. 

The slight increase in the proportion of β-RDX led us to examine drop cast crystallization of 

RDX on other modified glass substrates.  Glass surfaces were covalently modified with a variety 

of propylsiloxane groups including; n-propyltrimethoxysilane, 3-iodopropyltrimethoxysilane and 

3-aminopropyltrimethoxysilane.  Drop cast crystallization of RDX on Si-2-CH3 surfaces from 

acetone, THF, and nitromethane always produced either β alone or more often concomitant 

mixtures with α from 5-30 mg/mL drops.  In DMSO, drop casting on Si-3-I and Si-3-NH2 

surfaces yielded mostly β from 5-30 mg/mL drops.   
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The solvent choice also affected the size of β-RDX crystals.  β-RDX crystals were typically 

smaller than α crystals when grown concomitantly from the same solvent.  In general, the 

solvent with the fastest evaporation rate (acetone) produced the smallest crystals, while the 

solvent with the slowest evaporation rate (DMSO) produced the largest β crystals (Figure 4.2). 

The larger size of the β-RDX crystals grown from DMSO may be a contributing factor to the 

long standing assumption that β only forms from high boiling solvents.4, 5   

 
Figure 4.2. Polarized light microscopy images of (left) all β grown from acetone, (middle) 

mixtures from nitromethane, and (right) DMSO all β form.  Scale bar = 100 µm. 
 

The data collectively established that the formation of β-RDX doesn't require a modified 

template or a particular solvent, but that the substrate, solvent and droplet concentration strongly 

influence the ratio of α:β crystals formed.  The growth of β-RDX from drop cast crystallization, 

can be explained by Oswald’s rule of stages which states that crystallization of the metastable 

phase occurs initially followed by transformation to the most stable polymorph.18  In drop cast 

crystallization, initial crystal growth takes place quickly and in the case of RDX produces the 

metastable β phase.  Overtime, this phase converts to the more stable α form.  Similar 

observations have been made by Lee et al.16 for the pharmaceutical compounds mefenamic acid 

and sulfathiazole grown on SAMs, where solvent evaporation rate and solute concentration 

influenced the polymorph distribution.16  The authors surmised that multiple phases 
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competitively nucleate in solution, but the probably of each form was dependent on 

supersaturation level and solvent.16  This is different than in other systems where the least stable 

polymorph crystallized first, followed by a solvent mediated transformation to the most stable 

form, for example in TNT.7  In summary the use of the drop cast crystallization method enabled 

the facile growth of metastable β-RDX from a variety of solvents, including those with low 

boiling points.  Varying solvent, supersaturation, and template surface can lead to different ratios 

of the α:β form.   

4.3 β-RDX to α-RDX Transformation 

β-RDX is known to undergo an irreversible transformation to the more stable α phase upon 

contact with an α crystal or upon sharp agitation.1, 5  Estimates for the lifetime of β-RDX range 

from a few seconds to several days.1, 4, 5  The drop cast crystallization method effectively 

immobilizes individual crystals on the substrate, which might extend their lifetime by 

minimizing the chances of collisions with other objects that would induce the transformation.  A 

variety of different β-RDX samples (attached to the substrate on which it crystallized) were 

subjected to periodic Raman analysis for a year but were otherwise left undisturbed.  Though a 

couple of samples converted to α within a few days or after a few months, the vast majority of β-

RDX samples remained stable for up to 10 months.  By the end of the year just over half the 

samples had converted.  For the samples that did transform, there was no discernable correlation 

with the initial growth solvent, drop concentration, or the substrate onto which it was deposited 

(only plain glass and hydrophilic glass slides were analyzed in detail).   This finding agrees with 

what has been seen for the energetic material TNT, in which the orthorhombic metastable form 

can remain stable for 12 months at ambient temperature without transformation.  However, it is 
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noted that the higher the supersaturation, TNT converts faster to the more stable form.7  The use 

of the drop cast crystallization methods in producing β-RDX crystals means that the solvent is 

effectively removed from around the crystal.  This stops solvent mediated transformation 

methods blocking off one pathway in which the crystal transformation can occur.19 The lack of 

solvent mediated transformation pathways along with the physical separation of the different 

crystalline forms help to ensure long-term sample stability.    

In the surface-immobilized configuration, we found it was also possible to intentionally 

induce the β to α transformation of individual crystals.  Raman spectra of β–RDX crystals taken 

immediately before and after lightly touching the crystal with the tip of a pin showed complete 

conversion of the β crystal to the α form (Figure 4.3).   

 
Figure 4.3. RDX crystals grown on (3,3,3trifluoropropyl)trimethoxysilane siloxane surface from 

DMSO show conversion from β to α by mechanical stimulation as monitored by Raman 
spectroscopy. 
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This observation is in line with previous findings that β-RDX converts upon agitation or when 

touched with the α form. 1, 5  At this time it cannot be determined whether the β to α RDX 

transformation results in a single crystal or a polycrystalline product, but this should be 

examined in the future.  Additionally, analysis of how the microcrystalline defects change upon 

this mechanical conversion would be a worthwhile topic of investigation.  Determining whether 

template surfaces intrinsically alter the long term stability of β-RDX relative to solution grown 

crystals should also be investigated. 

In agreement with the findings of Millar et al.1 a wavefront has been observed to pass through 

the crystal upon being touched with a needle that coincides with the transformation of β-RDX to 

α -RDX.  This wavefront is likely the molecular rearrangement of β-RDX conformation to α-

RDX conformation in a domino like fashion through the crystal.  Furthermore, this wavefront 

most likely follows a specific crystallographic direction and thus the transformation of β-RDX to 

α-RDX is dependent upon the crystallographic arrangement of the molecules and that the 

placement of the mechanical stimulation to induce transformation is face specific.  However, due 

to the tiny size of these crystals this cannot be confirmed at the present time.   

This mechanical transformation between polymorphic forms is not unique to this system.  

Dunitz and Bernstein20 report that “in some cases, transformation can be induced by 

mechanically introducing defects, for example by scratching the surface of the crystal with a 

pinpoint.”  The grinding or polishing of 3,6-dichloro-2,5-dihydroxyterephthalate produced 

sporadic regions of transformation, which was distinguishable by the different color of the 

crystals.  This was attributed to the conversion of mechanical energy into heat and the generation 



181 
 

of local, transiently high temperatures.21  Grinding was also able to produce the high temperature 

form of oixitropium bromide, which also converts upon UV irradiation.22   

The oixitropium bromide crystal is also an example of the thermosalient phenomenon, or the 

“jumping effect,” where crystals heated using hot-stage microscopy exhibit a phase transition 

that is also accompanied by a large anisotropic change in cell volume, causing them to literary 

jump off the hot-stage.  Examination of the mechanism associated with these structural changes 

at the molecular level and their response at the macrostructural level give insight into this 

thermal to mechanical energy conversion.22  For example, perhydropyrene, which has a layer 

structure, exhibits this jumping phenomenon when heated to 344 K. This is attributed to the 

movement of the molecules thermally within the layer and the buildup of stress therein which is 

released at 344 K forcing the layers to shift relative to each other.  This forms an intermediate 

stable state and causes the crystal to jump.23  This effect is also face specific as 

(phenylazophenyl)palladium hexfluoracetylacetonate when heated to 90°C undergoes a 10% 

expansion along the needle axis, but has no change in its width.  If the crystals are only heated on 

one face, so much strain builds up that they too exhibit the jumping effect.24   

For RDX, what remains to be understood is the order of steps in the transformation from β to 

α.  For example, does the mechanism consist of one NO2 group moving position so that the other 

two can follow or does the stimulation allow for all three NO2 groups to move simultaneously?  

Further experiments are warranted to establish the kinetics and molecule level movements in this 

transformation, and to examine how much force is needed for the transformation to occur.  
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4.4 β-RDX Material Properties 

4.4.1 Thermal Properties of β-RDX 

Given its simplicity, drop cast methods were also used as a means to better elucidate the 

thermal properties of β-RDX.  RDX samples were prepared by drop cast crystallization of RDX 

from DMSO directly into aluminum DSC pans followed by Raman microscopy phase analysis.  

Crystals initially identified as α RDX melted between 201.33 -202.35°C (Figure 4.4a), which is 

in agreement with the literature.25  Most samples initially identified as β-RDX exhibited an 

endothermic transition at 188°C (Figure 4.4b,c) and no subsequent transitions.  Occasionally 

crystals initially identified as β-RDX showed exothermic transitions at <180°C prior to melting 

at the α-RDX melt temperature (Figure 4.4d,e).  The exact nature of these early exothermic 

transitions is hard to establish, but it is presumed that they correlate with a transition to α-RDX 

either directly from β−RDX or through another intermediate metastable phase.   
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Figure 4.4. DSC thermographs (5°C/min) of RDX crystallized from DMSO. Initially, samples 
were identified by Raman as (a) α-RDX, and (b) - (e) β-RDX.  Samples (d) & (e) undergo an 

unknown transition prior to melting at the same temperature as α-RDX. 
 

 The thermal properties of β-RDX were also examined by hot-stage microscopy.  While it was 

difficult to find samples appropriate for hot-stage microscopy given the small size of β-RDX 

crystals, single crystals grown from 5 mg/mL DMSO on Si-2-CH3 were able to be used (Figure 

4.5).  A transition between 89.7°C to 95°C corresponds to darkening of the crystals.  Melting 

takes place between 181.1°C and 189.8°C which is comparable to the results seen from DSC. 

We believe that this is the first known accurate measurement of the β-RDX melting point. 

(a) 

(b) 

(c) 
 
(d) 
(e) 
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Figure 4.5. Hot-stage microscopy of β-RDX grown from 5 mg/mL DMSO on Si-2-CH3 

templates.  Hot-stage was ramped at 5°C/min to 300°C. 
 

Previously, Bochon26 recorded an endothermic transition in RDX samples between 192-

195°C, but did not elaborate on it.  His studies used differential thermal analysis on milligram 

amount of material on order to determine heats of explosion for several types of samples.  RDX 

particle size has also been shown to influence the melting point of the material.27, 28  For 
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example, micro-sized (50µm) α-RDX powders melt at 205°C, however, nano-sized (50 nm)  

RDX powders exhibited lower melting points near 185°C.27  It is not clear whether this lowering 

of temperature is an indication of the presence of β-RDX or just the particle size as it is a  

cooperative property and can be reduced at smaller sizes.  We presume the latter, since β-RDX 

crystals in a powdered sample in contact with α usually convert to α.  In this paper the authors 

simply state that both of these powders show melting near 190°C,27 however, a later paper by 

van der Heijden et al.28 points out the difference in the melting points of the previous example.  

Also, van der Heijden et al.28 showed that larger RDX nanoparticles (~400 nm and larger) melt at 

205°C.  In our drop cast crystallization method, β-RDX crystals are always smaller than α-RDX 

crystals.  It follows that when micro-sized and nano-sized RDX particles are created the phase of 

these particles might actually be the β-RDX form in some cases.  If that is true, then the 

differences in the melting points can in some cases be attributed to the differences in the phase of 

the particles.  Indeed it has already been shown that RDX nanoparticles created by Mercado et 

al.14 have similar spectroscopic signatures to β-RDX deposits. 

4.4.2 Morphology of β-RDX 

In its initial discovery by McCrone,4 the morphology of β-RDX is referred to as needles.  

Others have distinguished them from the α form based on their dendritic morphology (as 

opposed to plates of α-RDX).5 In our experiments, β-RDX can exhibit a variety of different 

morphologies, though the needle and dendritic forms are the most common.   

When grown from nitromethane, the elongated needle morphology of β-RDX crystals and 

prismatic α-RDX are clearly distinguished as described in the literature (Figure 4.8).  SEM 
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imaging of several β-RDX crystals grown from DMSO show a variety of crystal morphologies 

including needles, plates and prisms (Figure 4.6). 

 

Figure 4.6. SEM Imaging of β-RDX with needle (left), plate (middle) and prism (right) 
morphology. Scale bar = 20 µm. 

 

Interestingly, the prism morphology of β-RDX is very similar to the calculated BFDH 

morphology for the β form (Figure 4.7 and Table 4.3).  Although we cannot confirm the indexing 

of the prismatic β-RDX crystals it is similar to the calculated BFDH form.  This suggests that the 

top prism face is likely the (010) face and the elongated axis is along the ± c direction.  The 

(111) face is not seen in the experimental SEM prism morphology, however a small (201) face is 

present. 

 
Figure 4.7. Prism morphology for β-RDX  (left) calculated BFDH Morphology for β-RDX and 

(right) SEM image of prism morphology.  Scale bar = 20 µm. 
 

 

(010) 
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0) 
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Table 4.3. Predicted forms of β-RDX using the BFDH laws followed by their multiplicity and 
interplanar spacing. 

  {hkl} Multiplicity dhkl  (  ) 
{ 200}  2 7.55 
{ 010}  2 7.55 
{ 002}  2 7.22 
{ 110}  4 6.75 
{ 201}  4 6.69 
{ 111}  8 6.11 

 
 

SEM imaging also revealed differences between the surface topology of the two crystal 

forms.  α-RDX crystal surfaces are usually very smooth with straight well defined edges.  β-

RDX crystals generally have rougher and more uneven surfaces.  The edges of some of the β-

RDX crystals are very jagged (Figure 4.8) which give the crystal an interesting shape, while 

other surfaces are terminated with larger numbers of steps (Figure 4.8d). 

! 

"
#
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Figure 4.8. SEM imaging of (a) α-RDX plate, (b) α-RDX prism, (c) β-RDX jagged edges and (d) 
β-RDX plate.  α-RDX crystals have smooth surfaces and straight edges, while β-RDX crystals 

defects on the surface.  All samples were drop cast crystallized from DMSO. 
 

4.4.3 Decomposition of α and β RDX 

In the course of SEM imaging to characterize the morphology of β-RDX some interesting 

differences in the interactions of α and β single crystals with electromagnetic radiation were 

serendipitously uncovered.  Focused beam irradiation at 30 kV on the very tip of a β-RDX 

crystal grown from DMSO (Figure 4.9a,b blue arrow) resulted in localized “bubbling” 

(presumably decomposition).  In contrast, spot irradiation on α-RDX crystals grown from 

nitromethane at a lower 10 kV (Figure 4.9c) led to bubbling over the entire crystal (Figure 4.9d).  

In α-RDX the transformation began in multiple spots and propagated throughout the crystal, 

whereas in the β form, the transformation began with cracking on the surface followed by 

(a) (b) 

(c) 
 

(d) 
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localized bubbling in one spot on the crystal.  From these observations it seems that the energy 

required to effect bubbling maybe much lower for α than β, however, this requires further 

analysis.  The differences observed may be due to size differences (β-RDX crystals are smaller 

and thinner) or to differences in the type of solvent inclusions possible.  The fact that SEM 

imaging induces decomposition in energetic materials is well documented in the literature,28, 29 

however the differences in the transformation between the two forms, to our knowledge, has not 

been document before.  This difference may be used as another way in which to identify the 

forms and might show some advantages of the β-RDX form. 

 

Figure 4.9. SEM images of a β-RDX single crystal (grown from DMSO) before (a) and after (b) 
focused irradiation of the tip (blue arrow) resulting in localized bubbling.  Scale bar = 100 µm. 
α-RDX crystals (grown from nitromethane) (c & d) subjected to the similar focused irradiation 

show bubbling over the entire crystal, even at lower energy beams. Scale bar = 10 µm. 
 

4.5 Computational Comparison of α-RDX and β-RDX 

Energy calculations can be helpful in understanding why a polymorphic transformation is 

likely to occur.  In the case of conformational polymorphism, two types of energies are usually 
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considered: conformational energy and lattice energy.  Higher energy molecular conformations 

are possible in the solid-state if the energy penalty associated with the conformation is offset by a 

lower lattice energy.  The converse is also true, a structure with a high lattice energy may still 

crystallize if the conformational energy of its individual molecular components are low.30  This 

small energy difference between RDX conformers has been well documented in the literature 

with most studies noting that the α form (AAE) conformer is slightly more stable,31-33 however, 

one study performed with a better basis set, concludes the opposite noting that the β conformer is 

more stable by 0.02 kcal/mol, the smallest energy difference of all the calculations.15  In order to 

better understand the energy changes associated with the polymorphic transformations of β to α 

RDX, the conformational energy of each of the three conformations (one in α-RDX and two in β-

RDX) were generated using geometry optimized density functional theory (DFT).  These results 

showed that the α-RDX conformer is only slightly more stable than the two β-RDX conformers 

(Table 4.4).   

Table 4.4. Absolute energies of the RDX conformers. 
 

Conformer Absolute Energy (kJ/mol) 
α-RDX -2356604.5 

β-RDX Molecule 1 -2356603.8 
β-RDX Molecule 2 -2357312.7 

 
 

The energy values for these conformers too close to clearly differentiate which is more stable.  

We next sought insight from calculation of the total energy of each of the crystal structures.   

The lattice energies were calculated with Molecular Studios using the Forcite program with 

two different methods for estimating the charges on the nitro groups.  The Gasteiger method34, 35 
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calculates the charge based on the connectivity of the atoms, while the QEq method36 calculates 

charge based on geometry.  Both these calculations showed the same trend, with the α form 

lower in energy by ≈ 30 kcal/mol and therefore more stable than the β form.  This is consistent 

with the irreversible conversion of β-RDX to α-RDX (Table 4.5).  

Table 4.5. Energy Calculations for α-RDX and β-RDX using two different methods for 
estimating the charge. 

 
 Total Energy 

QEq 
(kcal/mol) 

Total Energy 
Gasteinger  
(kcal/mol) 

Non-bonding 
Energy 

QEq (kcal/mol) 

Non-bonding Energy 
Gasteinger 
(kcal/mol) 

α-RDX -533.34 -620.77 -648.87 -715.79 
β-RDX -494.63 -591.63 -593.26 -684.41 

 
 

However, the change in energy between the two forms differs greatly for each of these 

calculations due to the differences in estimating the charges.  This can be seen by analyzing the 

non-bonding energy calculations, which are made up of hydrogen bond energy, van der Waals 

energy and electrostatic energy (Table 4.6).  The hydrogen bond energy is zero, but the energy 

associated with van der Waals and electrostatics both indicate α is lower energy.  The largest 

differences appear in the electrostatic term. 

 
 
 

Table 4.6. Contributions to Non-Bonding Energy for α-RDX and β-RDX using two different 
methods for estimating the charge. 

 α-RDX QEq 
(kcal/mol) 

β-RDX QEq 
(kcal/mol) 

α-RDX Gasteinger 
(kcal/mol) 

β-RDX Gasteinger 
(kcal/mol) 

Hydrogen bond 0 0 0 0 
Van der Waals 100.36 92.92 90.51 110.91 

Electrostatic -749.22 -686.18 -806.30 -795.32 
Total Non-bonding 

Energy 
-648.87 -593.26 -715.79 -684.41 
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In the Gasteiger method, the electrostatic energy is calculated by assuming charges on all 

symmetry equivalent atoms are identical, e.g. NO2 group as they have the same connectivity in 

the RDX molecule.  In this model the charges on each of the NO2 groups cancel each other out, 

resulting in an overall neutral molecule.  In the QEq method the charges change due to 

differences in geometry and therefore they are different for each nitrogen and oxygen atom.  In 

β-RDX, one molecule in the asymmetric unit has a slightly positive overall charge, while the 

second molecule has a slightly negative overall charge.  The two charges balance each other out, 

and result in an overall neutral structure.  These calculations underscore the complications in 

energy calculations and the difficulties in modeling electrostatic interactions.  They also do not 

address the mechanism or kinetics of the transformation. 

4.6 Conclusions 

This work has shown that β-RDX is much more ubiquitous than previously thought and now 

appears to be much more than just a ‘research curiosity’ as it is so often denoted.  It grows 

readily using drop cast crystallization techniques from both high and low boiling point solvents.   

Furthermore, with the proper care it is stable for at least a year at normal room temperature and 

pressure.  It exhibits a variety of crystal morphologies, however it can normally be distinguished 

from the α form by its elongated needle morphology.  If handled carefully, this form can be 

manipulated in the laboratory in small quantities for solid-state analysis.  Analyses of the 

characteristics of β-RDX have shown it to be distinct in its thermal properties and reaction to 

electromagnetic radiation that make it readily distinguishable from that of α-RDX.  
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Since β-RDX has only been formed from drop cast crystallization, it may be that interactions 

between the substrate surface and the RDX molecule help to stabilize this form. Theoretical 

calculations using density functional theory have already begun to validate this hypothesis as the 

modeling of RDX on an Al surface has been shown to change the conformation of RDX to one 

that has the three nitro groups in nearly axial positions (AAA) due to interactions of RDX with 

the Al surface.37 As such, further experimentation using tailor-made SAM templates to attempt 

to stabilize and grow larger single crystals of β-RDX is warranted. Furthermore, examining the 

nature of the mechanical transformation of β-RDX to α-RDX in order to determine how much 

force is required and if the application of this force is dependent on a crystallographic direction is 

also of interest.   
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CHAPTER 5 HMX CRYSTAL GROWTH AND SOLID-STATE PROPERTIES 

 

5.1 Introduction 

 HMX is a high energy material which goes by many names including: cyclotetramethylene 

tetranitramine, octogen, homocyclonite, 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclo-octane or 

octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine.  The acronym HMX originates from a variety of 

sources such as High Melting eXplosive, Her Majesty’s eXplosive, High-velocity Military 

eXplosive, or High Molecular weight rdX.  Its molecular structure is shown in Figure 5.1.   

 

Figure 5.1. Molecular Structure of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine  (HMX). 

  

 It was originally discovered as a side product in the Bachmann synthesis of RDX (Section 

3.1).1  Its synthesis can be optimized by varying the temperature, acid strength and amount of 

ammonium nitrate and acetic anhydride to yield different ratios of RDX/HMX in the final 

product.  Under optimized conditions, 82% of hexamine can be converted to 73% HMX, with 

RDX as a side product.2   

 Two separate pathways have been hypothesized for the formation of RDX and/or HMX from 

this nitrolysis reaction.  The first one involves selective cleavage of the hexamine (HMTA) 

molecule, the second a combination of methylene and amino type fragments.2  While no direct 
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evidence for either of these pathways has been shown, it is agreed that the overall mechanism 

involves the formation of 1,5-dinitroendomethylene-1,3,5,7-tetraazacyclooctane (DPT) 

intermediate (Equation 1).2 

 

 

(1) 

 

 

 

  

 While the above synthesis of HMX utilizes the same starting materials as the RDX synthesis, 

it is about five times as expensive to produce HMX from this method, 3, 4  compared to  

alternative methods.  One alternative is converting HMTA to octahydro-1,5-diacetyl-3,7-endo-

methylene-1,3,5,7-tetrazocine (DAPT) in a fairly easy reaction using acetic anhydride.3, 5  From 

DAPT, three different synthetic routes can be taken to form HMX, all of which proceed via the 

synthesis of an intermediate.  Addition of acetic anhydride to DAPT creates 1,3,5,7-

tetraacetyloctahydro-1,3,5,7-tetrazocine (TAT), which can be nitrated to HMX (Equation 2).3 
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 DAPT can alternatively be converted to 1,5-diacetyloctahydro-3-nitro-7-nitroso-1,3,5,7-

tetrazocine (DANNO) which can also be nitrated to HMX (Equation 3).  However, this nitrolysis 

is difficult to accomplish as it requires reagent staging in order to improve yields and purity.3    

 

 

(3) 

 

 

 

 The best method for the synthesis of HMX using DAPT is by conversion of DAPT to 

octahydro-1,5-diacetyl-3,7-dinitro-1,3,5,7-tetrazocine (DADN).  Nitrolysis of DADN using nitric 

acid and polyphosphoric acid (PPA) produces HMX in better yields than the Bachmann process 

(Equation 4).3, 5 
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purification procedure.3, 5 Section 5.2 will discuss the polymorphic forms of HMX and their 

conversions in more detail.  

 HMX and RDX have very similar properties, which, given their similar molecular structures, 

is not surprising.   Like RDX, HMX is classified as a high explosive (it detonates, as opposed to 

deflagrates) as well as a secondary explosive (it requires initiation in order for detonation to 

occur).6  They both are insoluble in water and slightly soluble in most organic solvents.  Both 

decompose above 200°C.  They are stable to air, moisture, weak acid and trace metal 

contaminants, but decompose in the presence of strong acids or bases.  Tables 5.1 and 5.2 list 

their performance characteristics and insensitive munitions (IM) properties for comparison.   

 One of the major differences between the two energetic materials is that HMX is more dense 

and has a higher detonation velocity than RDX, making it a more powerful explosive.7 In its 

room temperature stable form, α-RDX crystallizes with its strongest association between pairs of 

molecules (Section 3.2.1), while β-HMX crystallizes with strong associations in all three 

dimensions (Section 5.2.1). 
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Table 5.1. Performance characteristics properties of RDX, HMX and some formulations. a, b 
 ΔHf 

(kcal/kg) 
ρ 

(g/cm3) 
Dcalc 
(m/s) 

PcJ 
(GPa) 

ΔE at V/V0 =6.5 
(Kj/cm3) 

Vgas at 1 bar 
(cm3/g) 

RDX 72.0 1.816 8977 35.17 -8.91 903 
HMX 60.5 1.910 9320 39.63 -9.57 886 
LX-14 
(95% HMX/ 5% estane) 

10.07 1.853 8838 35.11 -8.67 880 

Composition B 
(60% RDX/ 40% TNT) 

9.55 1.762 7936 27.07 -7.23 840 

Composition B 
(60% RDX/ 40% TNAZ) 

55.4 1.801 8827 34.16 -8.81 894 

Octol 
(75% HMX/ 25% TNT) 

27.76 1.839 8604 33.54 -8.41 850 

Octol 
(75% HMX/ 25% TNAZ) 

56.73 1.892 9237 38.69 -9.52 883 

a Data from Krause, H.  Energetic Materials; Wiley-VCH Verlag GmbH & Co.: Weinheim, 2005; 
1-25. 
b ΔHf = heat of formation; ρ0 = density (TMD = total maxium density); Dcalc = calculated 
detonation velocity; PCJ = calculated detonation pressure; ΔE = V/V0 =6.5 = calculated Gurney 
energy at an expansion ration f 6.5; Vgas = gas volume at 1 bar 1 g of explosive 
 

Table 5.2. Insensitive munitions properties of RDX and HMX. a 

 Friction sensitivity (N) Impact sensitivity (N m) Deflagration point (°C) 
RDX 120 7.4 230 
HMX 120 7.4 287 

a Data from Krause, H.  Energetic Materials; Wiley-VCH Verlag GmbH & Co.: Weinheim, 2005; 
1-25. 
 

 HMX and RDX have many of the same uses (Section 3.1) in gunpowder, as a solid rocket 

propellant and as a high explosive.8  When used as a high explosive, it is most often used as a 

plastic bonded explosive (PBX).  Common formulations for HMX include: octol (75% HMX/ 

25% TNT) or (75% HMX/ 25% TNAZ) and LX-14 (95% HMX/ 5% estane).4, 8  HMX played an 

interesting role during World War II, when it was smuggled to saboteurs behind enemy lines by 

mixing it with flour as a camouflage.  Since the mixture could actually be used to make biscuits, 

it was known as the Aunt Jemima Project.9  The development of insenstitve munitions (IM) has 
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been explored for HMX by varying the crystal growth method.10  However, sensitivity 

modification is not as well developed as for RDX, as evidenced by the fact that only one 

company, (Chemring in Norway), is known to sell RS-HMX.11 

 The careful examination of the HMX crystal growth and the resultant crystal properties is 

important to the performance and sensitivity of this material and its continued development as a 

PBX, especially in light of its polymorphic forms and the ability to interconvert between those 

forms.  In this chapter, HMX crystal forms and conversions are compared (Section 5.2), and 

crystal growth (Section 5.3), morphology (Section 5.4), and defect structure (Section 5.5) are 

analyzed and explained for different growth conditions.  Finally, the influence of SAM templates 

on the crystal growth and properties of HMX is discussed (Section 5.6).    

5.2 Solid-State Forms of HMX 

 HMX has four known polymorphic forms: α-HMX,12 β-HMX,12-15 γ-HMX,16 and δ-HMX.17  

These polymorphs are known as conformational polymorphs because they differ in the 

conformations of their eight membered ring and in the conformations of their NO2 groups in 

relation to the ring.  The ring is either arranged in a chair-chair conformation, in which all of the 

carbons in the ring point in the same direction, or a chair conformation, which is analogous to the 

chair confirmation of cyclohexane (Figure 5.2).  The NO2 groups attached to the ring can be 

pointed above the ring or below the ring.  Details on the crystal structures of the polymorphic 

forms of HMX are discussed in Section 5.2.1. 
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Figure 5.2 HMX in a (left) chair-chair conformation and (right) chair conformation of the ring.  

 

 HMX also has hundreds of known solvates,18 although only three are currently present in the 

Cambridge Structural Database (CSD).  These are a 1:1 HMX:N-methyl-2-pyrrolidinone 

(NMP),19 1:1 HMX:2,4-dinitro-2,4,dizapentane20 and the well known 1:1 HMX:DMF solvate 

originally published by Cobbledick et al.21  Haller et al.22 reported a second polymorph of this 

solvate, however this polymorph is disputed by Marsh.23  In addition, the existence of HMX 

solvates with γ-butyrolactone (BL), cyclopentanone (CP) and N,N-dimethylacetamide (DMA) 

have been reported.24  While it has been shown that HMX can readily form solvates, many of 

these solvates are unstable and gradually lose solvent in the air becoming opaque.21  This may be 

why so few of them are reported in the CSD.  

 In addition to forming several solvates, HMX also forms co-crystals.  Currently, there is an 

interest in engineering co-crystals of energetic materials in order to produce materials with 

reduced sensitivity.  To that end, a co-crystal of HMX and 1,3,5-triamine-2,4,6-trinitrobenzene 

(TATB) has been reported.25  The driving force for the formation of this co-crystal is presumably 

the hydrogen bonding between the NO2 groups of HMX and the NH2 groups of TATB.  In 

addition, the crystal quality of the co-crystal appears to be better than that of either crystalline 
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HMX or TATB.25  Finally, a 1:2 HMX:2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20) co-crystal has just been discovered.26, 27  

5.2.1 Crystal Structures of the Solid State Polymorphic Forms of HMX 

 In α-HMX the carbon-nitrogen ring adopts a chair-chair conformation with all of the NO2 

groups pointing above the ring in a basket-like shape with two-fold symmetry.  Since all of the 

NO2 groups are in the same direction, this conformer has a large electric dipole moment.28  It 

crystallizes in the Fdd2 space group with unit cell parameters a=15.14, b=23.89 and c=5.913.  It 

cleaves easily along the (010) plane.12     

 β-HMX is the thermodynamically stable form at room temperature and atmospheric pressure.  

It is the most dense and least impact sensitive polymorph of HMX.28  Two different space group 

settings have been proposed for this phase: P21/n and P21/c.29  There are currently four different 

CIF files describing this form in the CSD (Table 5.3).  Our work uses the : P21/n convention 

(refcode OCHTET13).15  This refcode was used as opposed to OCHTET04, because OCHTET04 

uses the space group P1121/n, which changes the unit cell from the P21/n convention that was 

used in our work.  OCHTET13 (P21/n) has unit cell parameters  a=6.521, b=10.761, c=7.306 and 

β=102.058 and Z'=1.15   

 HMX molecules in the β form adopt a chair conformation with two NO2 groups above the 

ring and two below the ring imparting it with Ci symmetry.  Since this molecule is 

centrosymmetric it has a dipole moment of zero.28, 30  Further study of this conformer, with data 

taken at 20 K and using solid-state theoretical calculations in terms of quantum theory of atoms 

in molecules, has shown an unusual intramolecular nitrogen-nitrogen (2.74 Å) bonding 

interaction across the narrow part of the eight-membered ring.15  This closed shell interaction is 
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an example of the rare trans-annular interactions.  It appears to have stabilizing effects on the 

molecule (calculated dissociation energy of 17 kJ/mol), which may be one of the interactions 

which stabilizes the chair conformation.  Intermolecular hydrogen bonding C-HO interactions 

have also been shown to be moderately strong in this crystal structure, with hydrogen bond 

energies between 1.8 to 8.9 kJ/mol.15   

 γ-HMX is a hemihydrate structure as it has half a molecule of water in the asymmetric unit 

cell.  It crystallizes in the Pn space groups with a=13.270, b=7.900, c=10.950 and β=106.80 with 

Z’=2.16  This form is metastable at all temperatures at atmospheric pressure.16  There are two 

slightly different HMX conformers in this crystal structure.  They both have the general shape of 

the α-HMX conformer in that they are the chair-chair conformation with the NO2 groups 

pointing above the ring.  However, they lack the two-fold symmetry of the α form.28 

 δ-HMX is a stable form at high temperature, from 160°C to the melting point.  It crystallizes 

in the hexagonal space group P61 with a=7.711 and c=32.553.17  δ-HMX has a chair-chair 

conformation, with all the NO2 groups pointing above the ring like the α and γ forms and 

approximate two-fold symmetry.17, 28  Table 5.3 summarizes the crystallographic data for the 

polymorphic forms of HMX and Figure 5.3 shows packing diagrams for these structures. 
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Figure 5.3. Packing diagrams for known HMX polymorphs using fractional coordinates from 
refcodes: OCHTET, OCHTET13, DEDBUJ and OCHTET03. 
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Table 5.3. Crystallographic information for the polymorphic forms of HMX. 

 

5.2.2 Phase Transitions and Comparison of the Polymorphic Forms of HMX 

 The comparison of the intermolecular interactions between the polymorphic forms using 

Hirshfeld surfaces can offer further insight into their similarities and differences.  Hirshfeld 

surfaces generated for each of the independent HMX molecules in the asymmetric unit cell for 

each form were generated and used to analyze the relative contribution of different types of 

interactions between the molecules in the crystal structure (Figure 5.4).   

Table 5.3. Crystallographic information for the polymorphic forms of HMX. 
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Figure 5.4. Percentage of contributions from individual intermolecular interactions to the 
Hirshfeld surfaces of the symmetry independent molecules in the polymorphic structures of 

HMX. 

 

 For all polymorphs of HMX, the most dominant interaction was found to be the HO 

interaction, derived from C-HO interactions between neighboring HMX molecules in the 

lattices (Figure 5.4).  Given the different conformations of the molecules, these interactions 

occur in different relative positions around the molecule, which leads to different packing 

interactions.  For example, in α-HMX where, all the NO2 groups are above the molecule, the 

significant HO occur directly above and below the molecule, leading to straight stacking of 

the HMX molecules along the c-axis (Figure 5.4).  In δ-HMX, all of the NO2 groups are above, 

but the absence of the two-fold axis of symmetry (as in the α form) causes these interactions to 

be found skewed to the sides rather than directly above and below the molecule.  This makes the 
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interactions occur on a diagonal (Figure 5.5).  In β-HMX, two of the NO2 groups are above the 

ring, and two are below, which makes way for HO interactions over the whole ring surface.   

In the packing diagram, this can be seen as interactions surrounding the whole perimeter of the 

surface (Figure 5.4).  γ-HMX was not considered in this discussion since it is a hydrate and 

HO interactions between the water and the HMX molecule significantly affect the packing 

and types of interactions found in this form. 

 

Figure 5.5. Hirshfeld surfaces mapped with dnorm and resolved to show only the HO 
interactions (top row) for α-HMX, β-HMX and γ-HMX.  Red shows distances that are shorter 

than the sum of the vdW radii, white to blue shows interactions longer than the sum of the vdW 
radii.  The bottom row shows cluster diagrams of molecules 3.0 Å out from the surface, the β-
HMX diagram is rotated 90° from the above diagram.  These diagrams show that the HO 

interactions take place at different positions around the molecule. 
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The types of intermolecular interactions are most closely related for the β and γ forms, while 

the α and δ forms are closely related (Figure 5.3).  The α and δ forms have a larger percentage of 

HH interactions, while the γ and β forms have a greater percentage of NH interactions and 

a smaller percentage of HH interactions.   

This is curious since the α, γ, and δ forms are all similar in conformation (chair-chair with the 

NO2 groups pointing up) and the β form is different (chair with two NO2 groups pointing up and 

two pointing down).  However, the conformation of the β form means that the molecules can 

pack closely, like pieces of a jigsaw puzzle.  This fitting enables NH interactions that could 

not be present otherwise.  In the case of γ-HMX, water is present, which enables different types 

of interactions, including NH ones.  Thus, these structures yield a wider variety of 

interactions. 

 Fingerprint plots are used to provide a two dimensional image of the three dimensional 

intermolecular interactions (Figure 5.6).   
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Figure 5.6. Fingerprint plots for each of the nearest internal distance (di) versus the nearest 
external distance (de) for each of the symmetry independent molecules in the polymorphic forms 

of HMX.  Each point on a Hirshfeld surface can be represented by a coordinate (di, de).  The 
colors represent the number of points within a given fingerprint plot coordinate (hot colors 

represent many points, cool colors represent few).  Black arrows point to OH interactions and 
red circles enclose HH interactions. 

 

The biggest differences in these plots are in the HH interactions which are circled in red in 

Figure 5.5.  For β-HMX HH distances are long and therefore cannot be seen in the plot.  In α-

HMX they are all relatively short, as seen by the fan of blue.  In δ-HMX, these interactions are 

noted by one long spike which indicates the presence of a couple of very short HH 

interactions that are unique to this form.  Analysis of the crystal packing of δ-HMX shows that 

this conformation enables a denser phase allowing for shorter HH interactions (Figure 5.7).  
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The fingerprint plot of this form is also the most elongated of all of the polymorphic forms, 

showing that it has the most variability in the lengths of intermolecular interactions.  

 

Figure 5.7. Hirshfeld surface of δ-HMX resolved to show only HH interactions.  In this form, 
the HMX molecules can pack closer together forming shorter HH contacts. 

 

 Hirshfeld surface analysis for HMX has shown that the interactions in the β and the γ form are 

similar, while interactions in the α and δ form are similar.  The HO interactions are the most 

significant for all the forms, but the nature of these interactions changes depending on the 

conformation of the polymorph.  Finally, δ-HMX has unique short HH interactions which are 

absent in the other polymorphic forms.  

 The stabilities and transitions between the four known polymorphs of HMX have been well 

studied.28, 31  Each of the four forms can be obtained by carefully controlling crystallization 

conditions, which will be discussed in Section 5.3.   

 The forms are stable over different temperature ranges, which are inconsistently reported in 

the literature.  Although, the exact temperature ranges differ, the trend is the same.  β-HMX is 

stable at the lowest temperatures, beginning at room temperature.  The α form is stable 

above100°C, while the δ form is stable at temperatures greater than 150°C.28, 31, 32  The γ form is 
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metastable at all temperatures at atmospheric pressure.16   The reader is referred to Cady et al.,31 

for a more detailed comparison of the temperature stability ranges for the four forms. 

 Conversions between the polymorphic forms of HMX are well known and depend on a 

variety of factors, some of which are still unclear.  Figure 5.8 shows a diagram of the solid-state 

transformations for the four polymorphic forms of HMX.  Solution mediated transformations are 

known to convert α (from synthesis) and γ to β.3, 5, 16  The presence of acetic acid in solution has 

been shown to slow down the α to β conversion.31  The α, β and γ forms also all convert to the δ 

form when heated.  This conversion is accompanied by volume changes in the crystal of 6.7% 

for the β to δ conversion, 4.6% for α to δ conversion and -3.3% for γ to δ.33   

 The amount of RDX impurity in the sample has been shown to affect these transitions, as 

samples of β-HMX with RDX present convert to the δ form at a lower temperature than those 

which are RDX-free.  HMX containing RDX appears to form slip planes more easily than pure 

HMX, which is thought to make the transition easier.31 

 The reconversion of δ-HMX back to α-HMX and β-HMX depends on the maximum 

temperature at which the sample was heated, the heating time, the storage time at room 

temperature and the initial starting phase.33  Slower reconversion resulted in a mixture of the two 

forms, while in a slightly faster reconversion, only the β form was seen.  Conversion of δ-HMX 

to β-HMX has additionally been seen by contact between the two phases.  This conversion is 

dependent on nucleation of the β form which can be accomplished by grinding of the material.  

This causes the transformation to take place rapidly.31   

 Transformation of β-HMX to α-HMX is seen when the sample is heated between 170°C to 

190°C.  Complete transformation does not occur, and varying amounts of each of the forms are 
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seen.  This transformation is also affected by the presence of RDX and generally works better 

with no RDX present.  A reverse transformation has not been seen.31  Transformation of β-HMX 

to γ-HMX has also not been seen.  However a γ to β solid-state transformation has been observed 

when γ-HMX is strained (generally by grinding).31  

 

Figure 5.8. Transformations and stability ranges of the known polymorphic forms of HMX.  The 
thick arrow for the β to δ transformation represents the fact that this is the most studied of all the 

transformations (see text).  The temperature values cited in this figure come from Cady et al. 
1962 .  While the literature agrees on the order of the stability and transformation temperatures 

between the forms, the exact temperature ranges reported are not the same.  
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  The transitions between these forms have gained a lot of interest due to the fact that the 

different forms have different impact sensitivities; β-HMX is the most stable and least sensitive 

form and δ-HMX the most sensitive.28, 31, 34  Less clear is the order of α and γ sensitivities, 

although they are between the β and δ.  Cady et al.31 notes that impact sensitivity testing does not 

yield reproducible results for the α form as the sensitivity varies for unknown reasons.  The 

sensitivity of the γ form depends on particle size (larger particles are more sensitive).31   

  The fact that the most stable β form converts to the least stable δ has been seen as a safety 

risk in HMX, and therefore, this transition is the most widely studied.  Physically, the crystals are 

strained internally during this transformation.31  They have been shown to change from colorless, 

transparent crystals in the β form to opaque after the transformation to the δ form.35  AFM 

imaging of this transition has shown that massive surface reconstruction occurs, indicated by an 

increase in void space and surface roughness.  This increase in defect structure is believed to 

cause the increased impact sensitivity of the δ form.36   

 Second harmonic generation has been used to identify β and δ phases in situ and examine the 

phase transition of the material as it occurs.37  This technique was able to show evidence for 

small areas of δ-HMX occurring 13 µs before ignition to 10 µs post-ignition.  This showed that 

heating on impact is sufficient to induce phase change of the material.38  The phase transition of 

HMX in PBX 9501 was found to occur at lower temperatures and was more coherent than pure 

HMX crystals.  This was attributed to the nitroplasticizer in the formulation acting as a solvent at 

higher temperatures, which helped to mediate the transformation in a more uniform way.39 

 The pressure dependence of this transition has also been examined.  An increase in the system 

pressure raises the β to δ transition temperature.40  However, decompression of β-HMX after 
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compression to about 4 GPa at 140°C resulted in the transformation of β-HMX to δ-HMX.  This 

was attributed to the quick drop in density as the decompression occurred.41  These studies show 

that the β to δ transitions is also affected by the pressure of the system, which is important, as 

detonation of explosive compounds occurs under high pressure conditions.   

 Interestingly, the use of vibrational sum-frequency generation spectroscopy has shown small 

deposits of δ-HMX on the surface of β-HMX single crystals formed from rapid evaporation of 

tiny droplets of HMX solution.42  This formation of δ-HMX is presumably due to the fact that 

the δ conformation is stabilized in solution.  The question of whether the δ-HMX converts 

overtime to the β form is not addressed.42   

 Modeling of the β to δ transformation kinetics shows it fits a two step nucleation and growth 

model, where each of the steps can be treated separately.43, 44  This same type of growth 

mechanism was also seen for the γ to β polymorphic transition.  In this study, submicron γ-HMX 

was pressed into a pellet under high pressure, and the rate of conversion of the γ to the β phase 

was measured.  The fraction of converted material depended on pressure and holding times, 

where higher pressure inhibited the transformation.45  

 On a final note about the polymorphic forms of HMX, there is mention of high pressure phase 

transitions for β-HMX to ε-HMX at 12 GPa and ϕ-HMX at 27 GPa.46  However, no other 

literature references could be found to further this claim. 

5.3 Crystal Growth of HMX 

 McCrone32 was one of the earliest to report on the crystal growth of different HMX forms.  

He stated that the solvent cooling rate was an important parameter control.  For example,  
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β-HMX (HMX I by his designation) was formed by very slow cooling of solutions, while α-

HMX (HMX II) was formed by more rapidly cooling solvents, γ-HMX (HMX III) requires much 

more rapid cooling rates and δ-HMX (HMX IV) very rapid chilling over ice.32    

 Further studies have shown that α-HMX is generally formed from evaporation of solvent at 

the interface between the solvent and the container.28, 31  Additionally, it has been noted that 

certain synthesis procedures produce the α form initially.3, 5    

 The thermodynamically stable β-HMX form, is the form that most often occurs from slow 

evaporation, generally at temperatures below 102°C.31  The γ hydrate form has been crystallized 

from steam distillation and precipitation from water-miscible solvents (e.g. acetone in water).28, 

31  δ-HMX has been crystallized by vacuum distillation and from anhydrous solvents (e.g. 

cyclohexanone).31  

 Crystals of β-HMX have shown a tendency to be twinned on the (101) plane of the crystal.47  

The twinning depends on the solvent from which the crystal is grown.  This effect, which is often 

encountered in monoclinic systems, has been shown to be greater for crystals grown from 

cyclohexanone than for crystals grown from acetone (Figure 5.9).  

 

Figure 5.9. Crystals of β-HMX grown from cyclohexanone are almost always twinned, as noted 
by the “x” shape.  Scale bar = 100 µm. 
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 A number of studies have grown HMX crystals from different solvents in order to examine 

crystal quality and are summarized below.  HMX crystals grown from γ-butyrolactone (BL) are 

“sponge-like” due to a 1:1 solvate formed between the two molecules.  Once drying occurs, the 

solvent evaporates and leaves a porous, irregularly shaped crystal with holes on the surface.  The 

presence of acetone in the BL solution stops the complex from forming and leads to better 

crystalline material.47  Since there are so many known solvates of HMX, this is probably a more 

general phenomenon. 

 Attention has also been paid to the crystal growth process of HMX in order to develop an 

insensitive material.  Crystallization from cooling processes produced material of better quality 

and showed greater insensitivity in shock testing.48  Batchwise cooling crystallization in four 

different solvent systems was tested in order to determine if better crystalline material could be 

obtained.  Cooling crystallization of HMX from cyclohexanone produced a low yield of crystals 

with an irregular shape and no clear morphology.10   

 Crystallization from N-methyl-2-pyrrolidinone (NMP) also resulted in crystals with irregular 

shapes which were rough and of low crystal quality.  Decreasing the cooling rate did not improve 

the quality of the crystals, although it generated particles with increasing size.  Some of these 

crystals were also opaque, indicating solvent inclusion.10  Spherically shaped crystals with 

smooth surfaces were produced by crystallization from DMF.  However, these crystals may have 

been the 1:1 HMX:DMF solvate.10   

 Crystallization from propylenecarbonate produced the best crystal quality.  Crystals were 

grown using the drowning-out effect, where a small amount of water was added to induce 

nucleation.  These crystals had a very compact and regular shape.  Some of them, however, were 
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twinned and had several internal cracks along a diagonal crystallographic plane.  Sensitivity 

testing using gap tests showed these crystals to be less sensitive to shock initiation.10 Previous 

studies have shown that crystal quality is readily influenced by the crystallization mechanisms.  

Stirrer type and rate, cooling rate and level of supersaturation also influence the product 

quality.10 

 In this work, polycrystalline HMX grown by slow evaporation at room temperature from a 

variety of solvents were examined by X-ray powder diffraction (PXRD) (Figure 5.10).  Results 

showed that growth from pyridine and cyclohexanone produced only pure β-HMX crystals. 

Growth from THF, acetone and nitromethane yielded concomitant mixtures of β-HMX and  

α-HMX.  Growth from 2:1 acetone:benzene yielded concomitant growth of the β-HMX and  

γ-HMX forms. 
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Figure 5.10. (top) Representative powder diffraction for HMX grown from different solvents and 
(bottom) calculated PXRD patterns from OCHTET, OCHTET13 and DEDBUJ.  Some solvents 

yield phase pure β-HMX while concomitant mixtures grow from others. 

  

 Careful inspection of differences between samples showed that growth on the sides of the 

vials produced different forms than on the bottom.  For example, crystal growth from THF 

produced only β-HMX on the bottom of the vial, but showed concomitant growth of α-HMX and 

β-HMX on the sides.  Table 5.4 shows a complete listing of solvent, area of growth and HMX 

form. 
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Table 5.4. Growth of HMX obtained from various solvents and areas of the vial. 
Solvent Form Position in Vial 
Pyridine β Whole Vial 

Cyclohexanone β Whole Vial 
THF α, β 

β 
Side of Vial 

Bottom of Vial 
Acetone α, β 

α 
Bottom of Vial 

Side of Vial 
Nitromethane α, β 

α 
Side of Vial 

Bottom of Vial 
2:1 Acetone:Benzene β, γ Whole Vials 

 
 
 

 It is not surprising that the δ form was not seen in any of these crystallization conditions, as 

they were not performed at high enough temperatures.  It is also not surprising to see a mixtures 

of β and γ, as grinding of the γ form has been shown to induce transformation to the β form and 

yield concomitant mixtures.31   Mixtures of α-HMX and β-HMX are also understandable, as the 

α form is known to convert to the β form by solution-mediated methods.3, 5  No concomitant 

growth of α-HMX and γ-HMX was seen.  These forms are not known to interconvert so this 

seems reasonable.  Growth of the different forms in different areas of the vial may be related to 

evaporation rate of the solvent as formation of the different forms are known to be dependent on 

evaporation rate.32  Additionally, α-HMX is known to form from fast evaporation and at the 

container interfaces.28, 31   

 Taken together, this data shows that it is rather difficult to produce single (untwinned) HMX 

crystals of a pure form and high quality.  The continuing challenges of HMX crystal growth is 

seen in this work and throughout the literature. 
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5.4 Morphology of HMX  

 The morphology and particle size of HMX has been shown to affect its properties.  For 

example, different shock sensitivities were found for detonator grade HMX (sharp well-defined 

edges and smooth surfaces) and mil-spec HMX (no clear-cut edges, rough surfaces).49  Particle 

size is also known to affect the decomposition properties of the material.  Decreasing particle 

size has been associated with decreasing decomposition temperature and activation energy.50  In 

addition, for small and jagged particles, less thermal energy is needed to produce “hot spots,” 

from which initiation occurs.  Energy in these types of particles is localized at stress points and 

can therefore be easily utilized.  Thus, in this type of morphology, initiation occurs easier.50   

 The different HMX morphologies can be related to differences in friction sensitivity and 

impact sensitivity.51  In spherical particles the contact area is higher than for needle crystals 

undergoing the same frictional action.  This means that the spherical particles can produce more 

heat, which increases the likely hood of “hot spot” formation and should make them more 

sensitive.  However in impact sensitivity testing, the influence of crystal deficiencies dominates.  

In this case needle crystals, with a higher crystallite asymmetry, generate more “hot spots” in the 

weak interface of the crystals.  Spherical crystals, which have uniform texture and fewer 

deficiencies, are less likely to create “hot spots” in this mechanism and thus exhibit lower impact 

sensitivity.  Polyhedral crystals have a moderate mechanical sensitivity and thermal stability.  

They have not been shown to display obvious trends in terms of particle size and stability.51 

 The influence of the conformation of NO2 groups at specific crystal faces can affect the 

surface polarity of that face.  For instance in β-HMX, the (110) face has been shown to have a 

higher polarity than the (010) and (011) faces (Figure 5.11), by both computational and 
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experimental methods.52  Different surfaces can have different interactions with polymer binders 

used in PBXs.  Previous calculations have shown that interactions with an Estane chain (used in 

PBX formulation) are dependent upon the specific crystal face.52  The detachment force of the 

binder from the face increases with increasing polarity of the HMX surface.  The addition of a 

nitroplasticizer (NP, eutectic of bis(2,2-dinitrolpropyl) formal/acetal), commonly used in PBX 

formulations, systematically increases these forces implying that the NP also contributes to the 

binding of the Estane chain at the HMX surfaces.  This data shows that the specific surface 

properties effect the interactions between the explosive and the polymer binder, which can in 

turn effect the detonation properties of the material.52   

 The strength and elastic precursor shock decay in HMX crystals is also anisotropic.53  

Previous work examined three different orientations {110}, {011} and {010} of β-HMX.  It was 

found that the {010} orientation had a higher plastic precursor than the other orientations due to 

the fact that this orientation does not have a regular plastic deformation mechanisms available to 

it.  Since the elastic precursor can be correlated with the shock initiation, this data implies that 

the orientation of the crystal affects the amount of energy needed for shock initiation to occur.53 

 

Figure 5.11. β-HMX crystal faces from least polar (011) to most polar (110). 
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 Even though morphology of HMX crystals is known to effect the detonation properties of the 

materials, a systematic study of the crystal morphology in relation to the growth conditions has 

not been undertaken.  In this section the calculated vacuum morphology and important growth 

faces of HMX are discussed (Section 5.4.1).  The systematic analysis of the growth morphology 

of HMX crystals from single solvent (Section 5.4.2) and co-solvent systems (Section 5.4.3) is 

presented.  In these studies only a morphology analysis of β-HMX is presented.  Finally an 

analysis on the morphologically important {hkl} growth faces and how the solvent might 

influence their growth is presented (Section 5.4.4).  

5.4.1 Calculated Vacuum Morphology 

 Examining the calculated morphologies is a good starting point in understanding which faces 

are intrinsically significant to the overall habit of the crystal.  Such calculations do not include 

the influence of solvents, and can generate the vacuum morphology of the crystal.  The vacuum 

morphology for α and β HMX was previously calculated using PBC analysis.54  Table 5.5 list the 

morphologically important faces determined by the different methods for the polymorphic forms 

of HMX.   In this work the BFDH calculations were done using Mercury CDS 2.4 and used to 

calculate this morphology for the four known polymorphic forms of HMX (Figure 5.12).  
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Figure 5.12. Calculated BFDH Morphology for the polymorphic forms of HMX.  

 

 Based on these calculations it can be seen that the δ form has many small faces predicted.   

For δ-HMX elongation occurs in the [001] direction.  The other three forms have a calculated 

prismatic morphology.  The α form is largely defined by the diagonally cut {111} family of 

planes on the corners with the (040) and (220) faces making up the body.  The γ form is tabular 

in habit  with large {101} faces and smaller (010) and (200) with tapering of the corners with the 

{011} and {110} family of planes.  The prismatic morphology predicted for the β form includes 

large {011} diagonal faces, which is also known to be a cleavage plane in β-HMX.55  Other faces 

include, the (020) and (101) faces which make up the body of the prism.  Additionally, the prism 

axis for this from is in the [100] direction. 

  The two calculation methods are in good agreement as to the morphologically important 

faces for α-HMX and β-HMX.  In the PBC analysis it was noted that the (11-2) and (110) faces 

in β-HMX, may become morphologically important in some solvents due to due to large solvent 

interactions.54  Thus, the understanding of how solvent affects the crystal morphology of HMX is 

an important undertaking.  

α-HMX β-HMX γ-HMX δ-HMX 
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Table 5.5. Predicted {hkl} of HMX forms. 
HMX  
Form 

{hkl} Theory 
Used 

Reference 

α-HMX (040), (220), (111) vacuum morphology 
(131), (311), (331) contain connected nets of weaker 
bonds 

PBC 
Analysis 

ter Horst et al. 
2002 

β-HMX (011), (020), (11-1), (10-2), (100) vacuum morphology 
(11-2), (110) due to large interaction with solvent 

PBC 
Analysis 

ter Horst et al. 
2002 
van de Heijden et 
al. 2004 

α-HMX (040), (0-40), (-220), (-2-20), (220), (2-20), (111), (-111), 
(-1-11), (1-11), (-11-1), (-1-1-1), (1-1-1), (11-1) 

BFDH This work 

β-HMX (10-1), (-101), (1-1-1), (-1-11), (11-1), (-111), (0-1-1), (-
1-10), (1-10), (0-11), (110), (011), (01-1), (-110), (101), 
(-10-1), (020), (0-20) 

BFDH This work 

γ-HMX (200), (-200), (-110), (110), (-1-10), (1-10), 
(-101), (101), (-10-1), (10-1), (011), (0-11), (0-1-1), (01-
1), (010), (0-10) 

BFDH This work 

δ-HMX (006), (00-6), (013), (012), (011), (010),  
(01-1), (01-2), (01-3), (-113), (-112), (-111), 
(-110), (-11-1), (-11-2), (-11-3), (-103),  
(-102), (-101), (-100), (-10-1), (-10-2),  
(-10-3), (0-13), (0-12), (0-11), (0-10),  
(0-1-1), (0-1-2), (0-1-3), (1-13), (1-12),  
(1-11), (1-10), (1-1-1), (1-1-2), (1-1-3), (103), (102), 
(101), (100), (10-1), (10-2), (10-3) 
 

BFDH This work 

 

5.4.2 Single Solvent Systems 

 Unlike RDX, the through examination of actual HMX growth morphologies has not been 

reported to any great extent.  The only mention in the literature that we are aware of  is that of  

McCrone,32 which is one of the earliest works.  He provides a morphology for each of the 

polymorphic forms, but no details on the growth solvent used.  In general, the morphologies he 

illustrates all have the same habit as those predicted by the BFDH theory (Figure 5.13).   
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Figure 5.13. Crystal morphologies for HMX, as described by McCrone 1950 . 

 

 In this work the morphologies of β-HMX from the solvents  acetone, THF and nitromethane 

were examined.  Crystals grown from acetone were all prismatic in nature with elongation along 

the [001] direction.  They were composed of a variety of faces.  The major faces seen were the  

(011), (110), (0-11), (-101) and (-110) faces. Crystals grown from nitromethane were mostly 

prismatic in habit, with a few plate crystals.  These crystals were elongated either in the either 

[100] or [001] direction.   Major growth faces included (010), (110) and (01-1).  Crystals grown 

from THF were the most different morphologically.  The overall shape of these crystals was 

needle-like, with the elongated axis along the [100] direction and the major growth faces were 

the (011) and the (0-21) faces (Figure 5.14). 
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Figure 5.14. Growth morphologies of β-HMX grown from acetone (top), THF (middle) and 
nitromethane (bottom) show that the habit of the crystals changes from prismatic (acetone and 

nitromethane) to a needle (THF). 
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 Table 5.6 provides a summary of the growth morphology seen for the crystal growth of HMX 

from single solvent and co-solvent systems.  These results show that changing the growth solvent 

from acetone to THF greatly affects the morphology of the crystals grown.  The overall habit 

changes from a prism to a needle crystal and the elongation axis changes from the [001] to the 

[100] direction.  This effect does not appear to be due to evaporation rate as this parameter is 

similar for both solvents.  Nitromethane had a slower evaporation rate, however,  the prismatic 

morphologies obtained from this solvent similar to the prismatic morphology of acetone even if 

the exact faces differed.  The addition of the (010) face should be noted as it has not previously 

been seen for HMX crystal growth.   

5.4.3 Co-Solvent Systems 

 One of the difficulties with the crystallization of HMX is that it is not very soluble.  As a 

weakly polar compound it dissolves readily in ketones and to a lesser extent in alcohols.  It is not 

expected to dissolve in non-polar solvents or in highly polar solvents.56  In fact HMX is less 

soluble than RDX in most polar solvents.  For example, in water at 25°C RDX has a solubility of 

40.2 mg/l, while HMX has a solubility of 6.63 mg/l.56  In order to circumvent this problem co-

solvent systems were used.  In this work, HMX was crystallized from 2:1 acetone:benzene, 2:1 

acetone:nitrobenzene and 2:1 acetone:DMSO.  Crystals grown from all of these co-solvent 

systems were prismatic in habit.  Those grown from the 2:1 acetone:benzene and the 2:1 

acetone:nitrobenzene system were elongated in the [100] direction. Growth from 2:1 

acetone:DMSO produced crystals that were elongated in the [001] direction.  The major growth 

faces in the 2:1 acetone:benzene system were (011), (110), (-110) and (1-10).  The 2:1 

acetone:nitrobenzene system had all of the above growth faces as well as the additional growth 
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faces of (01-1), (0-11) and (-101).  The growth faces for the 2:1 acetone:DMSO system varied 

the most, however a large (-1-10) face was generally seen (Figure 5.15). 

 

Figure 5.15. Growth morphology of β-HMX grown from (top) 2:1 acetone:benzene, (middle) 2:1 
acetone:nitrobenzene, and (bottom) 2:1 acetone:DMSO shows that all of the crystals have a 

prismatic morphology. 
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 These results do not show many differences between the different growth solvents and the 

resultant morphologies.  Table 5.6 provides a summary of the growth morphology of β-HMX 

from these co-solvent systems.  The crystals grown from 2:1 acetone:benzene system had an 

elongated prism morphology that is not seen from growth from other solvents.  Additionally, 

crystals from 2:1 acetone:DMSO were elongated in the [001] direction while crystals grown 

from other solvent systems were elongated in the [100] direction.   

Table 5.6. Summary of growth morphology, major faces, and prism axis for β-HMX grown from 
single and co-solvent systems. 

Solvent Morphology Major Faces  {hkl}  Elongation Axis 
Acetone Prism (0-11), (011), (110), (-101),  

(-110) 
[001] 

THF Needle (011), (0-21) [100] 
Nitromethane Prism 

Plate 
(010), (110) 
(01-1) 

[100] or [001] 
[100] 

2:1 acetone:benzene Elongated Prism (011), (110), (-110), (1-10) [100] 
2:1 acetone:nitrobenzene Prism (011), (110), (-110), (1-10),  

(01-1), (0-11), (-101) 
[100] 

2:1 acetone:DMSO Prism Varies, (-1-10) [001] 
 

5.4.4. Characterization of Solvent Effects on β-HMX Crystal Growth 

 For HMX crystal growth there was not much diversity in the morphologies obtained from 

different solvents.  Most solvents produced prismatic crystals that were elongated in the [100] 

direction, with the exception of crystals grown from acetone and 2:1 acetone:DMSO which ere 

elongated in the [001] direction.  Crystals with distinguishing morphology were grown from 

THF (needle crystals) and 2:1 acetone:benzene (elongated prism), both elongated in the [100] 

direction.  The elongation in the [100] direction has also been observed by Stevens et al.55  who 

states that the intermolecular interactions are stronger along this direction for β-HMX.  Shorter 

hydrogen bonded contacts and shorter intermolecular OH contacts along this axis are noted.  
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Thus, it is most likely these stronger intermolecular interactions along the a-axis that led to the 

elongation of the majority of crystals along this axis.   

 In contrast, two solvents, acetone and 2:1 acetone:DMSO grew crystals that were slightly 

elongated along the [001] axis, while some nitromethane crystals were elongated in this direction 

as well.  This elongation in the [001] direction was not as pronounced as for those elongated in 

the [100] direction 

 The majority of HMX crystals exhibit the (011) face.  This face is a known cleavage plane for 

HMX and the intermolecular forces for the bc* plane have been shown to be weaker than the ac* 

or ab plane.55  This may explain why this face is morphologically significant in almost all growth 

conditions.  Furthermore, this face is predicted to be a morphologically important face in both 

PBC and BFDH analysis. 

 In terms of interactions at specific crystal faces, the (110) face has been shown to have the 

highest density of NO2 groups and is more polar than the (011) and (010) faces.52  This face has 

been morphologically significant for all crystallization conditions except for growth from THF.  

Since THF is the least polar solvent used, it seems reasonable that polar solvents are able to 

interact with the polar face reducing its growth and causing it to be more prominent.  This was 

predicted by ter Horst et al.54 who noted that this face might become more morphologically 

important when interactions between the solvent and this face are stronger relative to other faces. 

This work has shown that while there is not a lot of variety in HMX morphologies, the growth 

solvent can affect the morphology in subtle ways. 
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5.5 Defect Structure of β-HMX 

 Crystal quality plays a role in the sensitivity of secondary explosives and in PBX formulations 

as crystals with improved quality have been shown to be less shock sensitive.57  Factors that play 

in role in determining sensitivity to a shock stimulus include (internal) product quality, mean 

particle size and surface smoothness.  Major types of defect structures in HMX are typically 

inclusions and twinning.58, 59   

 Since solvent inclusions are so prevalent in HMX, one of the simplest ways in which to gain 

an estimate of the crystalline defects of HMX is to determine the crystal density.  A lower 

density indicates higher inclusion content and lower crystal quality.58, 60   

 A clear trend has been seen for PBX formulations of HMX where the higher the average 

crystal density (fewer defects), the less sensitive the PBX.47 The density of HMX samples was 

found to correlate with the line broadening effects using nuclear quadrupolar resonance.60  In this 

method crystalline defects affect the electric field gradient so that line broadening occurs in 

comparison to a more perfect crystal.  Further experimentation with the same technique showed 

that HMX that was less contaminated with RDX was less shock sensitive.61  Additionally, line-

broadening effects in PXRD diffraction have been used to quantify and characterize the lattice 

defects in HMX.  This type of analysis found strained areas of HMX crystals due to twinning.62   

 Inclusion defects in HMX were studied by comparison of commercial and recrystallized 

HMX using confocal scanning laser microscopy.  This showed that in commercial grade material 

there were many localized areas where clouds of defects were observed while in recrystallized 

batches, the defects were distributed over several areas.58  Defects were found to be localized 

along certain crystallographic directions and planes of the crystal.58  SEM imaging determined 
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that commercial grade HMX had many inclusions in the range of 0.5 to 2 µm.  In contrast, the 

recrystallized product did not contain any.  These micro-inclusions in the crystals are generally 

found near growth sector boundaries or along the dislocation lines.58 Purposefully producing 

voids in HMX crystals using femtosecond micromatching showed that these defects almost 

always exhibited extended damage along the crystals surface, not seen in other crystalline 

explosives.63  The energy threshold for laser damage in HMX was found to be 19±7 nJ, while for 

RDX it is much higher at 40 ±5 nJ.63  

 Twinning defects of HMX can be examined using tensile testing with a small stress-strain 

stage mounted on an optical microscope that can image deformation patterns and dislocations.64  

This type of testing on HMX has shown how mechanical twins can develop in the crystal.  In 

twin nucleation, the twinning shear strain creates local stress concentration of dislocation pile-

ups.  As a consequence, especially in polycrystalline materials, strong grain size dependence is 

observed for the applied twinning stress.  The dominance of a twinning mechanism in HMX (not 

seen for RDX), is attributed to the conformational flexibility of HMX as well as its ability to 

convert between different polymorphic forms.59   

  A large part of the literature dedicated to understanding the defect structure of HMX is 

related to the β to δ phase transformation as this transformation causes a 6.7% volume expansion 

and leads to strain development, increases in void space and microfracturing of the crystalline 

surface.  This change in the defect structure can lead to a material with very different properties.   

These studies, which are detailed in section 5.2.2, have led to the understanding that when the 

defect density of HMX single crystals exceeds a certain threshold, grain size becomes less 

important than the overall transition kinetics.65 
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 Unlike RDX, there is no literature precedent for the use of XRT to analyze the defect 

microstructure in HMX single crystals.  There is a report of using Laue diffraction techniques 

and conventional diffractometry to look at composites of HMX66, however, to our knowledge 

single crystal XRT imaging of HMX crystals has not been reported.   In this work, 

monochromatic (Section 5.5.1) and white beam (Section 5.5.2) XRT was used to image whole 

single crystals grown from a variety of solvent systems. 

5.5.1 Monochromatic XRT on β-HMX Single Crystals 

 Monochromatic XRT (Section 2.3.4.2) was performed on β-HMX crystals.  In these 

experiments, executed using synchrotron radiation at Argonne National Laboratory, a single 

crystal was rotated in situ until a Bragg condition was met, and a topographic image emerged.  

The {hkl} value for each image was calculated based on the geometry of the setup.  In this work, 

two β-HMX crystals grown from a nitromethane solution were imaged. 

 The overall shape is a projection of the crystal morphology.  Figure 5.16 shows the 

morphologies of the two crystals: the top crystal has plate morphology, and the bottom crystal 

has prism morphology. 
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Figure 5.16. XRT images of β-HMX grown from nitromethane using monochromatic radiation. 
Top: plate morphology with topographic images {hkl} (-110), (-122) and (111).   

Bottom: prism morphology with topographic images {hkl} (-120), (-120) and (-102). 
Scale bar = 100 µm. 

 

 For the crystal with plate morphology (Figure 5.16, Top), three Bragg conditions were met, 

resulting in the three topographic images shown.  In the (-110) reflection, contrast is seen on the 

ends of the crystal.  On the left end of the crystal, there are dark vertical lines which suggest 

dislocations.  The rocking curve for this image was 0.1°, which indicates that the lattice is well-

ordered.  In the (-122) reflection, there is a clear band dividing the top and bottom halves, which 

suggests a grain boundary.  The bottom-left area of the image has multiple inhomogeneities, 

suggesting dislocations in a localized area.  The rocking curve for this image was also 0.1°. 

 In the third reflection (111), the alternating dark and light patches suggest grain boundaries 

throughout the region.  The far right of the image also shows inhomogeneous diffraction 
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indicative of extinction contrast which is normally caused by dislocations.  However, some of the 

shapes in this image do not resemble dislocation lines, instead, they appear as small dots.  It is 

unclear what causes this type of diffraction.  As seen above, these defects appear to be localized.  

The rocking curve for this image is higher than for the previous two images (0.8°), indicating 

that this region may not be as well ordered. 

 In the prism crystal (Figure 5.16, Bottom), two Bragg conditions were met.  In reflection  

(-120), large dark and light patches are seen, indicating grain boundaries.  The bottom of the 

image has a dark line, suggesting a dislocation that appears to have developed parallel to the 

crystal face.  The bottom left and right of the image also show what appears to be extinction 

contrast, but these images resemble dots, as opposed to dislocations, as seen in the crystal with 

plate morphology.  The rocking curve for this image was 0.5°, mainly due to a single feature’s 

contribution to the lattice misorientation.  If this feature was omitted, the rocking curve would 

have been only 0.12°.  The specifics of this feature are unknown. 

 A second image resulting from the (-120) reflection appears to be rotated 180° relative to the 

previous image.  As such, it shares much of the same characteristics as the previous image.  It 

has a high rocking curve of 0.8°, once again due to diffraction dominated by the above-

mentioned feature. 

 In the final image, reflection (-102), there is a large section of dark contrast, which suggests a 

grain boundary.  The bottom left side has inhomogeneities in the diffraction, suggesting localized 

defects.  The rocking curve for this image is also high (0.8°), indicating that the crystal is not 

well ordered. 
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 The use of monochromatic XRT to image HMX crystals suggests that the majority of defects 

were due to grain boundaries.  Additionally, it revealed localized occurrences of inhomogeneous 

diffraction, which have dot-like shapes and were unable to be classified as a specific type of 

defect.  The rocking curves were much greater overall for the prism crystal than for the plate 

crystal, suggesting that the prism crystal has a wider mosaic spread and more lattice misordering.  

This could be due to the differences in morphologies of these two crystals. 

5.5.2 White Beam XRT on β-HMX Single Crystals Grown from Different Solvent Systems 

 As was the case for XRT imaging of RDX crystals, the decommissioning of the Argonne bean 

line meant redirecting our experimental topography to NSLS.  There, white beam XRT was used 

exclusively (Section 2.3.4.3).  In this type of XRT, multiple topographic images are generated at 

once, due to the polychromatic nature of the X-ray beam.  In these samples, orientation of the 

diffraction patterns could not take place because the topographic images were too small to be seen 

when the film was scanned in.  However, comparison of topographic images still yields insights 

into differences in the types of defects present in crystals grown from different solvents.  Three 

different topographic images from each crystal are compared for all samples.  

 Defects in crystals are indicated by differences in the homogeneity of the diffraction pattern.   

Generally, the more inhomogeneous the diffraction pattern, the more defects are present.  

Homogeneous diffraction indicates that a crystal is relatively free of defects.  Ill-defined edges of 

an image suggest poor crystal quality, while blurriness of an image indicates lattice distortions. 
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Figure 5.17. White beam XRT images for β-HMX solution grown from different solvents. 
Scale bar = 100 µm. 
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 On average, topographic images of five single crystals grown under each solvent condition 

were obtained.  This ensured that at least three crystals from each condition would result in 

images that could be compared.  This enabled us to estimate the range of differences in crystals 

grown from the same solvent as well as to make comparisons of material obtained from different 

solvents.  The main goal was to use XRT to correlate any differences in the defect densities of 

whole β-HMX crystals with growth solvent.  Overall, the defect structure for β-HMX was 

dominated by lattice distortions.  There was some variation among crystals grown from the same 

solution as well as variation in crystals from different growth solvents (Figure 5.17).  

 Crystals grown from THF are the only ones with needle morphology.  XRT images for these 

crystals appear wider than a typical needle.  This is most likely due to twinning of the crystals, 

producing a superimposed view of two images. For Crystal A (Figure 5.17), darkened lines 

suggest grain boundaries.  Streaking is seen at the edges of the images, indicating poor crystal 

quality.  In Crystal B (Figure 5.17), dark bands once again indicate grain boundaries; however, 

they appear to be horizontal, as opposed to the ones in Crystal A, which appear to be vertical. 

 Crystals grown from 2:1 acetone:DMSO have different defect structures among the samples 

(Figure 5.17 C, D).   In Crystal C, the images are blurry, which suggests large scale lattice 

deformations.  These deformations may be due to inclusion defects, most likely caused by 

solvent in the crystal lattice.  Crystal D shows strong contrast between dark and light sections, 

indicating grain boundaries.  The shapes of these topographic images show needle-like crystals, 

although they are, in fact, prismatic.  This may be explained by the fact that, because some of the 

diffraction is so light, part of the crystal cannot be seen. 
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 Of the crystals grown from 2:1 acetone:nitrobenzene, crystals F and G have uniform contrast. 

These images appear blurry, which indicates lattice distortions and is most probably due to 

inclusion defects (Figure 5.17 F, G).  Crystal E has a different defect structure than the previous 

two crystals.  The defect structure is dominated by contrasting light and dark regions, indicating 

multiple grain boundaries (Figure 5.17 E).  Additionally, the topographic images have streaking 

along the edges, which is an indication of poor crystal quality. 

 Crystals were grown from 2:1 acetone:benzene in both fluorinated and non-fluorinated vials 

to determine if  increasing supersaturation of the solution (using the fluorinated vials) affected 

the defect structure.  In these vials growth is suppressed along the sides of the vials which leads 

to a greater supersaturation in solution.  In general, crystals grown from this solvent system are 

the most uniform in their contrast (Figure 5.17 H, I, J, K).  The images appear blurry, which 

indicates lattice distortions, most likely due to solvent inclusions.  Crystals grown from the non-

fluorinated vials show more variation from crystal to crystal.  The images of Crystal H have 

streaking, indicating poor crystal quality, while the images of Crystal I have more uniform 

diffraction.  Growth in fluorinated vials appears to limit the defect structure to lattice distortions, 

although this may a function of a small sample size. 

 The defect structures for β-HMX appear to be dominated by lattice distortion defects.  These 

distortions are most likely caused by solvent inclusions in the crystal lattice.  Since HMX 

crystals are known to easily form solvates, it is not surprising that inclusions are the dominant 

defect.  However, due to the fact that data was only able to be collected from a few solvents, it is 

difficult to draw specific conclusions from this data. 



242 
 

5.6 Template Effects on HMX Crystallization 

 Crystal growth of HMX on self-assembled monolayer (SAM) templates was employed in 

order to affect the nucleation and subsequent growth of HMX crystals.  Previous work has shown 

this to be an effective method to selectively generate different crystalline phases67-69 and control 

crystal orientation.68  Crystal growth of HMX on a variety of Au-thiol (Section 5.6.1) and 

siloxane monolayers (Section 5.6.2) using slow evaporation growth methods was performed.  

Crystals grown were analyzed using a combination of XRD, Raman spectroscopy, PXRD, and 

XRT in order to determine phase, morphology, orientation and defect structure.  

5.6.1 Au-Thiol SAMs and HMX Crystal Growth 

 Crystal growth using Au-thiol SAMs was attempted on alkane chain thiols varying in length 

from five to twelve carbons, functionalized alkane thiols (chloro, hydroxyl and carboxylic acid), 

functionalized aromatic thiols and mercaptobiphenyls (iodo, amino, nitro and bromo) substrates. 

Crystal growth on Au-thiol SAMs was seen on l-dodecanthiol SAM surfaces (Section 5.6.1.1) 

and surprisingly, on control Au surfaces (5.6.1.2).  Crystallization using fluorinated vials or co-

solvent systems might encourage growth on more of these SAMs, however, it was not attempted 

or these substrates. 

5.6.1.1 HMX Crystal Growth on 1-dodecanethiol SAM 

 Two crystals were grown on the 1-dodecanthiol SAM template from THF (Figure 5.18).  One 

crystal had a needle morphology while the other had a plate morphology.  XRD analysis showed 

the needle crystal to be of the β form, while the plate crystal was of the γ form.  Face indexing 

could not be performed on the needle crystal due to its small size; however, for the plate crystal, 

the (001) face was in contact with the underlying substrate.  This was the only time in which two 



243 
 

different forms of HMX were seen on a template surface and the only time a single crystal of the 

γ form was grown. 

 

Figure 5.18. HMX crystal growth on 1-dodecanethiol surface from THF resulted in a needle 
crystal of the β form and plate crystal of the γ form.  Scale bar = 100 µm. 

  

5.6.1.2 Crystallization on Control Au Surfaces 

 The Au control surfaces were rinsed in Piranha solution and ethanol and dried under nitrogen 

before use in crystal growth vials as a control.  In an unexpected result, large needle crystals of 

hydroxylammonium sulfate were seen on Au control surfaces when nitromethane was used as 

the solvent (Figure 5.19).    This is the same crystal phase that was once seen in analogous RDX 

experiments (Section 3.5.1.2) in which the crystals were determined to be hydroxylammonium 

sulfate.  As with the case of RDX, this result was not reproducible and it is unclear whether this 

material came from impurities associated with the nitromethane solvent or with the HMX.   
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Figure 5.19. Crystal growth on Au surfaces from a nitromethane solution.  Scale bar = 100 µm. 

 

 Crystallization attempts of HMX on Au-thiol SAMs was initially frustrating as not much 

growth was seen.  This could be due to the fact that in these samples, the concentration used was 

only 2 mg/mL and a lot of precipitation was seen on the sides of the vials.  Later crystallization 

attempts on siloxane surfaces (Section 5.6.2.) showed improved template growth using 

fluorinated vials and in the slight heating of the solvent to create solutions with greater 

supersaturation.  The repeated attempt at the crystal growth of HMX on these surfaces at higher a 

supersaturation may lead to better results. 

5.6.2 HMX Crystal Growth on Nitrogen Rich Siloxane SAM Templates 

 HMX crystal growth was attempted on alkyl and haloalky (fluoro, bromo, chloro and iodo), 

hydrogen bond donor and acceptor silanes (amino, cyano and isocyano) and aromatic derivative 

silanes (phenyl, pyridine and dinitrophenyl) SAM templates.  Crystals were observed exclusively 

on surfaces that were nitrogen rich.  All crystals analyzed by XRD diffraction on these surfaces 

were of the β form, and therefore this section will only refer to the β-HMX polymorph. 

5.6.2.1 Solvent and Template Effects on β-HMX Crystals Grown on Nitrogen Siloxane SAMs  

 Crystals were grown on the nitrogen rich templates; Si-3-NH2 (3-

aminopropyltrimethoxysilane), Si-2-Pyr2 (2-(2-pyridylethyl)trimethoxysilane), Si-3-NCO 

(isocyanotopropyltrimethoxysilane) and Si-3-CN (3-cyanopropyltrimethoxysilane) from the 
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solvents THF, nitromethane, acetone, 2:1 acetone:benzene and 2:1 acetone:nitrobenzene (Figure 

5.20). 

 

Figure 5.20. Representative images of β-HMX crystals grown on siloxane templates.  Growth 
solvents are listed in parenthesis under each picture.  Crystal morphology changes depending on 

the solvent and template surface.  Scale bar = 100 µm. 

 

 Small needle crystals grown from THF nucleated on the Si-3-NH2 and Si-2-Pyr2 siloxane 

templates.  These crystals were elongated in the [100] direction with the long axis parallel to the 

substrate.  Some of these surface grown crystals were twinned.  This is the same morphology 

seen for solution grown crystals. 

 Crystals grown from nitromethane on Si-3-NH2 surfaces were small prisms with the (01-1) or 

the (011) face as the large contacting face.  Crystals grown on Si-3-CN surfaces from 

Si-3-NH2  
(acetone) 
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Si-2-Pyr2  
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nitromethane were larger plates which also had the (01-1) contacting face and were elongated in 

the [100] direction.  Crystals grown from acetone also had a difference in morphology depending 

on the substrate.  Crystals on Si-3-NH2 surfaces were large plates, while crystals grown on Si-3-

CN surfaces were smaller prisms. 

 The mixed solvent system 2:1 acetone:benzene only had crystals growth on the Si-3-CN 

template.  These crystals were prismatic in nature.  Crystals grown from 2:1 

acetone:nitrobenzene were large prismatic crystals that tended to nucleate on the edge of the 

templates. 

 The majority of crystal growth was on the Si-3-CN surface.  It appears that this surface 

promotes the nucleation and growth of β-HMX crystals.  From this data it can be seen that the 

solvent and template affect the morphology of β-HMX crystals grown.  This is especially true for 

the solvents nitromethane and acetone where crystals changed morphology from prism to plates 

depending on the template. 

5.6.2.2 Effect of Fluorinated Vials on β-HMX Crystal Growth on Nitrogen Rich SAM Templates 

 The solvent system 2:1 acetone:benzene was the least successful in crystal growth on the 

nitrogen rich SAM templates as growth was only seen on the Si-3-CN surface.  The use of 

fluorinated vials with this solvent was employed to see if forcing the solution to higher 

supersaturation by suppressing the crystal growth on the sides of the vials would induce 

nucleation on the template surfaces.  This was the case, as crystal growth was seen in Si-3-NH2 

and Si-2-Pyr2 surfaces with the use of fluorinated vials (Figure 5.21). 
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Figure 5.21. 3-Si-NH2 templates for crystal growth in fluorinated and non-fluorinated vials with 
an HMX solution of 2:1 acetone:benzene.  Crystal growth of β-HMX was seen on surfaces that 

were in the fluorinated vials, but not on surfaces in vials that were not fluorinated. 

 

 Crystals grown on the Si-3-NH2 surface were prism and plate crystals that ranged in sizes and 

orientations, while crystals that grew on the Si-2-Pyr2 surfaces were plates that nucleated on the 

(0-11) face. 

5.6.3 3:7 Acetone:Benzene Solvent System in HMX Crystal Growth on Nitrogen Rich SAMs  

 Since higher supersaturation was shown to be beneficial in HMX crystal growth on template 

surfaces a new solvent combination, 3:7 acetone:benzene, was used for HMX crystal growth 

trials as HMX is less soluble in this system than any other system thus far employed.  This is the 

only crystallization solvent system that had to be heated slightly in order to dissolve all of the 

HMX at a concentration of 1.4 mg/mL.  Crystallization trials with this solution were done using 

fluorinated vials with the template surface.  Single crystal XRD and Raman spectroscopy (form 

identification was assigned according to Goetz et al.70) only showed  the presence of the β form, 

and therefore this was the only form taken into consideration when analyzing the results. 

Fluorinated Vial 
Regular Vial 
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5.6.3.1 Template Effects on the Crystal Growth of β-HMX  

 Crystal growth of HMX from 3:7 acetone:benzene solvent system was attempted for ten 

different siloxane monolayer templates which included; Si-3-NH2 (3-

aminopropyltrimethoxysilane), Si-3-NCO (isocyanaopropyltrimethoxysilane), Si-3-CN (3-

cyanopropyltrimethoxysilane), Si-10-CN (11-cyanoundecyltrimethoxysilane), Si-3-NH-

Ph(NO2)2  3(2,4-dinitrophenylaminopropyltriethoxysilane), Si-2-Pyr2 2(2-

pyridylethyl)trimethoxysilane), Si-2-Pyr4 2-(4-pyridylethyl)triethoxysilane), Si-2-CH3 (n-

propyltrimethoxysilane), Si-3-Br (3-bromotrimethoxysilane) and Si-2-Ph 

(phenylethyltrimethoxysilane).  Crystals growth was observed on four of the ten surfaces; Si-3-

NH2, Si-3-NCO, Si-3-CN and Si-3-NH-Ph(NO2)2 (Table 5.7 and Figure 5.22). 

Table 5.7 Siloxane templates used for HMX crystal growth trials from 3:7 acetone:benzene. 
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Figure 5.22. HMX crystal growth on siloxane templates from 3:7 acetone:benzene solution show 
preferential nucleation on nitrogen rich surfaces. 

 
 Crystals grown on Si-3-CN surfaces were single crystals with a needle-like morphology.  

These crystals grew with some crystals sticking straight up out of the surface while others lay flat 

on the surface (Figure 5.23 & 5.24) as visualized using polarized light microscopy.  Small 

singular prism crystals were grown on Si-3-NH-Ph(NO2)2 surfaces (Figure 5.23).  Details on the 

crystal orientation will be given in section 5.6.3.3.  Polycrystalline material was grown on Si-3-

Si-2-Pyr Si-3-NCO Si-3-NH3 Si-3-CH3 

Si-3-CN Si-2-Ph Si-3-Br 
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NCO templates, as could be seen under polarized light microscopy.  They appear as 

polycrystalline nucleating aggregates on the surface (Figure 5.23).  The morphology that was 

most varied was for crystals grown on Si-3-NH2 surfaces where single and polycrystalline 

material was observed.  Crystals were either small needles or polycrystalline on these surfaces 

(Figure 5.23). 

 

 

 

 

Figure 5.23. β-HMX crystals grown on Si-3-CN surfaces.  (The upper right hand corner is the 
edge of a dime to give an idea of the scale).  Note that, for crystals sticking out of the surface, the 
long axis, perpendicular to the surface, is the a-axis, and the growth interface is along the (1-10) 

plane. 
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Figure 5.24. Polarized light microscopy images of HMX grown on Si-3-CN, Si-3-NCO, Si-3-
NH2 and Si-2-NH-Ph(NO2)2  templates.  Crystals grown on Si-3-CN templates are the best 

quality, while many of the crystals grown on Si-3-NCO and Si-3-NH2 are polycrystalline with no 
controlled morphology and ragged edges. 

Scale bar = 100 µm. 

 
 
 Crystals grown on Si-3-CN templates were the best quality based on polarized light 

microscopy and single crystal X-ray diffraction, while crystals grown on Si-3-NCO templates 

were polycrystalline with no defined morphology and jagged edges.  Crystal growth on Si-3-NH2 

was the most variable in terms of quality and morphology with some polycrystalline material 

along with small single crystals.  The uncontrolled differences in evaporation rate may be a 

factor in the variable crystal growth seen on these templates. 

 The trends in this data show that crystal growth occurs on surfaces that have nitrogen on 

them.   Crystals also show preferential growth on shorter chain surfaces than longer chain 

surfaces (comparison of Si-3-CN and Si-10-CN).  The differences in chain length affect the tilt 

angle of the substrates, with longer chain lengths having larger tilt angles.  This larger tilt angle 

could affect the orientation of the cyano groups on the monolayer surface and therefore they may 

not be as favorable to nucleate growth. 

Si-3-CN Si-3-NCO Si-3-NH2 Si-2-NH-Ph(NO2)2 
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 Si-3-NH2 and Si-3-NCO surfaces have polycrystalline growth while Si-3-CN and Si-2-NH-

Ph(NO2)2 surfaces nucleate mostly single crystal HMX growth.  Both Si-3-NH2 and Si-3-NCO  

have the ability to be charged.  This electrostatic interaction may be a factor in the 

polycrystalline growth seen on these surfaces. 

 The fact the no crystal growth is seen on pyridine surfaces is significant, since they also 

contain nitrogen.  However the fact that this nitrogen is part of an aromatic group may be a 

factor. 

  This data has shown that selective nucleation of β-HMX occurs on siloxane templates that 

are nitrogen rich.  The differences in the functional groups on the template surfaces affect crystal 

growth morphology. 

5.6.3.2 β-HMX Crystal Growth on Functionalized Vials 

 In order to further explore the growth of β-HMX on the Si-3-CN template, this silane 

coupling agent was used to functionalize the walls of the vials in the same way that fluorinated 

vials were made (Section 2.1.3).  The 3:7 acetone:benzene HMX solution was put into these 

functionalized  vials and allowed to evaporate as in normal  slow evaporation crystal growth. 

Single needle crystal growth was seen all along the sides of the vial and on the bottom of the vial 

(Figure 5.25).  This crystal growth was identical to the growth seen on the Si-3-CN surfaces. 

Some needle crystals were sticking straight out from the sides of the vial, analogous to those 

sticking out of the template surfaces.  These crystals were examined by single crystal XRD and 

also found to be β-HMX with the same morphology as those grown on the template surface. 
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Figure 5.25. Crystal growth of β-HMX on the sides of Si-3-CN functionalized vials (left) as 
compared to growth from as fluorinated vial (right). 

 

 The ability to use these SAMs to functionalize a glass vessel and then control the single 

crystal growth of HMX in the vessel could be a new avenue to explore.  Additionally, designer 

polymers used for binders could be created which induce the crystal growth on their surface 

which could potentially change the detonation properties of the PBX.   

5.6.3.3 Orientation of β-HMX Crystals Grown on Template Surfaces  

 Since many of the crystals grown on the template surfaces were polycrystalline, oriented 

PXRD was used to examine crystal orientation.  Multiple peaks were seen for every surface 

analyzed and these peaks were not necessarily the same for different templates with the same 

terminal functional group.  This means that multiple orientations of the crystals were present on 

these surfaces and not necessarily the same over different trials with the same sample.  Table 5.8 
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gives a list of the orientations seen for each surface, while Figure 5.26 shows representative 

oriented powder diffraction data as compared to the calculated pattern for β-HMX. The 

calculated structure was solved at 20 K, while the oriented powder data was solved at room 

temperature, so peak matching may not be exact.  Peaks were assigned by comparing the d-

spacing values between the calculated and oriented PXRD data as in many cases the peaks were 

so close together that visually looking at the line matching was not able to differentiate between 

them. 

 

Table 5.8. Growth faces seen for β-HMX from oriented PXRD for different siloxane templates 
from 3:7 acetone:benzene solvent system.  

 
Template Surface Growth Faces { hkl}  

Si-3-CN (011), (110), (020), (022) 

Si-3-NCO (011), (110), (021), (12-1), (121), (200), (21-1), (13-1), (112) 

Si-3-NH2 (011), (110), (11-1), (021), (12-1), (121), (031), (200), (112), (22-1) 

Si-2-NH-Ph(NO2)2 (011), (110), (031), (21-1), (13-1), (112), (22-1), (22-2), (132), (023) 

Systemic Absences 
in β-HMX from 13-
25° in 2θ 

(100), (030), (10-2), (20-1), (102), (201) 
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Figure 5.26. Representative oriented PXRD patterns for β-HMX grown on siloxane templates. 

 
 

 Oriented powder diffraction on the Si-3-CN revealed fewer orientations on the surface than on 

the other templates used.  This could be due to the fact that these crystals were singular and other 

surfaces had polycrystalline material.   Single crystals face indexing was done on samples 

sticking out of the surface.  These crystals were oriented with the a-axis sticking out of the 

surface (which is along the elongated axis of these crystals).  The contacting face was determined 

to be the (1-10) face (Figure 5.27). The crystal morphology for crystals sticking out of the 

surface was the same overall morphology as those lying flat on the surfaces.  All crystals had a 

needle morphology elongated in the [100] direction.  It may be the case that some crystals fall 

over when they get to large. 
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Figure 5.27. Schematic of the Si-3-CN surface interface with the (1-10) face of β-HMX. 

  

 Crystal nucleated on the Si-2-NH-Ph(NO2)2 were also single and face indexing was able to be 

performed on them as well.  These crystals were much smaller than the ones that nucleated on 

the Si-3-CN surface and were more prismatic than needle-like. The elongation axis of these 

crystals was also in the [100] direction. 

5.6.3.4 Comparison of Template and Solution Grown β-HMX Crystals  

 The overall crystal morphology for samples grown on Si-2-NH-Ph(NO2)2, Si-3-CN and in the 

absence of a template were very similar.  Elongation along the a-axis occurred for all samples.  

However, the size of the crystals was very different for each type of growth.  Crystals grown on 
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Si-2-NH-Ph(NO2)2 templates were much smaller than those grown on the Si-3-CN templates.  

Crystals grown from solution were larger than any of the template grown crystals (Figure 5.28). 

 

 

Figure 5.28. Comparison of topographic and actual images of β-HMX grown from 3:7 
acetone:benzene on Si-2-NH-Ph(NO2)2, Si-3-CN and solution grown.  The red arrow indicates 

the a-axis.  Scale bar = 100 µm.  

 

 The defect structures of crystals grown on Si-3-CN surfaces and from solution without 

templates were compared by XRT imaging.  Topographic images of crystals grown on Si-3-CN 

templates had many dark bands indicating grain boundary defects (Figure 5.28).  These defects 

may be due to the interaction between the crystal and the template surface.  Solution grown 

samples do not show these dark bands. Instead, topographic images of these crystals are blurry 

which indicates lattice deformations (Figure 5.28).  These may be caused by solvent inclusion in 

the crystals.  
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 In order to verity that solvent inclusions were the cause of the lattice deformation seen for 

solution grown crystals from 3:7acetone:benzene proton NMR spectra were taken of samples 

grown from this condition.  1H NMR spectra were measured in DMSO (D, 99.9%) solvent at 

ambient temperature.  Chemical shifts (δ) were referenced to the DMSO shift at 2.50 ppm.  NMR 

spectra showed small peaks at 7.36 ppm and 2.08 ppm which corresponded to the presence of 

benzene and acetone, respectfully (Figure 5.29). 

 

Figure 5.29. Proton NMR spectrum of HMX crystals grown from 3:7 acetone:benzene solution.  
Peaks corresponding to benzene and acetone are indicated by back arrows. 
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 While these peaks were too small to be integrated accurately, the fact that the acetone peak is 

smaller than the benzene peak is as expected since the co-solvent system had a greater amount of 

benzene in it. 

 Comparison of solution grown and template grown crystals has shown that while crystals 

have the same overall morphology, template grown crystals are smaller.  The defects of template 

grown crystals are characterized by grain boundaries instead of lattice distortions that are seen in 

the solution grown crystals. 

5.7 Conclusions 

 While the morphology of β-HMX is less variable than RDX, it can be affected by changing 

the growth solvent used.  The defect structure of β-HMX appears to be mostly related to lattice 

distortions; however, XRT imaging has shown that dislocation defects can also occur in these 

crystals.  Additionally, the defect structure of HMX crystals varies among samples grown from 

the same solvents.  This makes it difficult to give any definitive conclusions. Further 

examination as to what might cause these differences, such as evaporation rate of the solvent, 

would help in understanding how the defects originate during crystal growth. 

 The use of SAM templates for crystal nucleation and growth is promising for templates that 

have electrostatic interactions, and especially for the Si-3-CN surface.  High quality single 

crystals can be grown on this surface.  The development of materials which can nucleate and 

grow these crystals as the Si-3-CN surface could be useful in the development of PBXs.  

Furthermore, the defect structure of these template grown crystals appears different in 

comparison with solution grown samples.  Instead of lattice deformations, grain boundaries are 

found to be the most predominant defects in the template grown crystals.   
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