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NA: Avogadro's number 

RMS: Root means square 
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Abstract: 

Purpose  Development of a quantitative model and associated workflow for predicting 

the mechanical deformation properties (plastic deformation or cleavage fracture) of 

organic single crystals from their crystallographic structures using molecular and 

crystallographic modelling.   

Methods Intermolecular synthons, hydrogen bonding, crystal morphology and 

surface chemistry are modelled using empirical force fields with the data integrated 

into the analysis of lattice deformation as computed using a statistical approach.   

Results The approach developed comprises three main components. Firstly, the 

identification of the likely direction of deformation based on lattice unit cell geometry; 

secondly, the identification of likely lattice planes for facilitating deformation through 

the calculation of the strength and stereochemistry of interplanar intermolecular 

interactions, surface plane rugosity and surface energy; thirdly, identification of 

potential crystal planes for cleavage fracture by assessing intermolecular bonding 

anisotropy.  Pentaerythritol is predicted to fracture by brittle cleavage on the {001} 

lattice planes by strong in-plane hydrogen-bond interactions in the <110>, whereas 

pentaerythritol tetranitrate is predicted to deform by plastic deformation through the 

slip system {110}<001>, with both predictions being in excellent agreement with 

known experimental data.   

Conclusion A crystallographic framework and associated workflow for predicting the 

mechanical deformation of molecular crystals is developed through quantitative 

assessment of lattice energetics, crystal surface chemistry and crystal defects.  The 

potential for the de novo prediction of the mechanical deformation of pharmaceutical 

materials using this approach is highlighted for its potential importance in the design 
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of formulated drug products process as needed for manufacture by direct 

compression.     

KEYWORDS Crystallographic Modelling, Synthonic Engineering, Mechanical Properties, 

Slip Planes, Elastic Anisotropy 
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1 Introduction 

 

Understanding and predicting the mechanical properties of crystals is important in a 

wide range of particle formation and process technologies, such as crystallisation 

filtration, milling, drying and tabletting [1].  Many drug products are formulated through 

tabletting, so understanding and predicting the mechanical properties of both active 

pharmaceutical ingredients (APIs) and excipients form an essential component of the 

pre-formulation development process.   

The three most common formulation routes (Figure 1) involved in drug product 

manufacture involving tabletting are wet granulation, dry granulation and direct 

compression[2].  Of these, direct compression is the simplest and most cost-efficient 

route and the one less prone to cross-contamination.  Nonetheless, to ensure tablet 

cohesion, direct compression requires powders with high compressibility and 

flowability to ensure ingredient homogeneity (Table 1). In addition, the mechanical 

deformation of crystalline powders is strongly affected by their crystallographic 

structures, and hence, in direct compression, selecting the appropriate solid form can 

be critical [3]. 

 

 

 

 

 

 

 

 Milling Blending Wet 
granulation Screening Drying Screening Blending Compaction 

Dry 
granulation Milling Dry granulation 

Direct compression 

Wet granulation 

Fig. 1 Schematic diagram showing the three standard route to manufacture 
pharmaceutical solid dosage forms.  The wet granulation is the longest route with the 
additional unit operations for drying after the wet granulation stage.  The direct 
compression route is the simplest process encompassing just the compression stage 
after blending [5] 
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Table 1 Formulation route selection matrix highlighting key particle properties criteria 
of solid form selection for use in pharmaceutical solid dosage processing, notably the 
flowability, and compressibility of powders[2] 

 

 

 

 

Tabletted pharmaceutical dosage form formulations comprise a mixture of API and 

excipients, with the patient dosage being defined by a combination of their ratio and 

the tablet weight.  Formulation design is governed by ensuring drug product efficacy, 

safety and processability.  If the API content in the formulation is high, the problem of 

API compressibility issues can become important as many APIs are known to have 

poor mechanical properties [4] in this respect.  In the case of a low dosage of API in 

the formulation, the mechanical properties of the excipients will tend to dominate, and 

compressibility issues can be mitigated through a judicious choice of excipients.  

However, low API loading may lead to API segregation within the formulated blend, 

resulting in problems in content uniformity.  Overall, excipients tend to be rather well-

characterised solid forms with well-understood physical and chemical behaviour.   

Whereas much less tends to be known about the properties of the API, particularly in 

their early stages of development, highlighting the need for studies that focus on 

predicting their mechanical properties. 

 

 

 

 

Flowability 
Compressibility 

High Low 

High Direct compression Wet granulation 

Low Dry granulation Wet granulation 
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Current experimental methods for assessing the mechanical properties of organic 

crystals can require significant amounts of experimental characterisation work.  The 

work involves techniques such as atomic force microscopy (AFM)[6], nano-

indentation[7], particle rheology and particle flow [8] and single-particle impact studies 

[4], together with a combination of multiple data analytical approaches, e.g., statistical 

evaluation[9].  Such studies have also been used in the design and operation of 

downstream unit operations such as milling [10-12], granulation or compaction[8][13].  Up 

to now, in-silico prediction of mechanical properties has been much less common.  

Previous work has emphasised the importance of characterising a material's 

structure-property relationships.  In these, the micro-properties to be considered 

include intermolecular interactions [3][14-15] , crystallographic structure [16], energetic 

stability examined using micro/nano-indentation [16-19] and compaction simulation [20-

21], inter-molecular energetic analysis and frameworks in particular attachment energy 

methods [22-23] and topological analysis [24]. In addition, qualitative visualisation 

methods have been used, notably by assessing the material's crystal chemistry and 

its slip system availability, both based on the material's crystallographic structure [24-

27].  Many API's such as paracetamol [28] and aspirin [4] are known to undergo plastic 

deformation.  The ability of materials to withstand and adapt to stress during the 

tabletting process relates to the material's propensity to undergo plastic deformation, 

which would enable the material to flow prior to fracture.     

Plastic deformation in ductile organic crystalline materials occurs through the relative 

movement of layers of molecules, which slide over each other on slip planes (hkl).  

This translation involves breaking and creating intermolecular synthons within the bulk 

structure, involving typically van der Waals (vdW) and hydrogen bond (H-bond) 
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interactions.  Planes with larger d-spacings tend to be more close-packed and can, in 

principle, slip more easily.  The interplanar roughness or rugosity will also have an 

effect as smoother molecular layers are likely to be less constrained to slip.  

Molecular shape anisotropy also plays a role in organic materials' mechanical 

properties, reflecting the fact that translating molecules might entangle and hence 

interlock during the slipping process.  The interlocking of molecules leads to 

resistance to their motion when strained due to the strong repulsive intermolecular 

interactions between the molecules involved.  In such cases, the more flexible 

molecules may be able to change conformation, perhaps dissipating any strain energy 

more effectively.  Up to now, there has been no settled predictive modelling strategy 

and workflow which defines the best approach to characterise the mechanical 

properties of organic crystals, such as APIs, based on their molecular and/or 

crystallographic structures [12][24][29-33].   

In a previous paper [4], the outline features of the main solid-form attributes contributing 

to the mechanical deformation of organic crystalline solids were highlighted notably: 

• Organic material can be highly anisotropic, with molecules having complex 

crystal shapes.  

• The nature and strength of intermolecular forces can be related to the 

mechanical deformation of the materials. 

• Potential slip planes are likely to have low surface energy and interplanar 

rugosity, propensity for inter-slip plane interlocking and less breaking of 

strongest inter-molecular interactions. 

• Low crystal symmetry reduces the multiplicity of slip systems and tends to 

restrict the potential for plastic deformation. 
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• Likely, deformation behaviour, such as a fracture or plastic deformation, can 

be understood through detailed characterisation of the deformation slip 

systems. 

This paper builds on this previous work and seeks to develop the foundation of a 

quantitative model and associated digital workflow by quantifying the above-

delineated attributes and integrating these within an assessment of the material's 

dominant intermolecular (synthonic) interactions.  This paper outlines basic 

deformation theory and the background science underpinning the deformation 

analysis framework.  The overall methodology and computational methods applied 

are described and demonstrated through complementary case studies on two related 

compounds, pentaerythritol and pentaerythritol tetranitrate. 

2  Basis of the mechanical deformation prediction model 

This section provides a brief overview of the underpinning theory relating to the elastic 

and plastic deformation of organic crystalline solids pertinent to the development of 

the prediction model.   

2.1 Elastic and plastic deformation of organic crystals 

Materials can be soft or hard depending on their bulk crystal properties, particularly 

their symmetry and the strength of their intermolecular interactions. For example, 

organic compounds, which mostly crystalise in low symmetry systems, tend to have 

weak intermolecular interactions giving rise to comparatively soft and anisotropic 

materials.   

Materials fracture properties can be characterised as being brittle or ductile.  There is 

no or minimal plastic deformation in a brittle fracture before or during the failure.  When 

this results in a relatively clean fracture surface, this is referred to as cleavage fracture, 
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and such surfaces are usually characterised by having low surface energy (𝛾).  In 

ductile fracture, there can be considerable plastic deformation before failure.   

A full and detailed description of the plastic deformation process is given in standard 

texts [34].  Plastic deformation involves the displacement of molecules on their close-

packed slip planes {hkl}.  This displacement takes place with the assistance of lattice 

defects such as dislocations which are defined by a 1D translation along the shortest 

stoichiometric intermolecular distances within the crystal structure.  The crystal lattice 

fault vector associated with dislocation structure is called the Burgers vector (𝑏)̅̅̅.  A 

dislocation slip system for plastic deformation is defined by its combination with a slip 

plane.  The type of dislocation can be characterised by the relative orientation of the 

Burgers vector with respect to the dislocation line direction (ℓ̅).  For a slip system to 

be activated during mechanical deformation the crystallographic direction <uvw> of 

the Burgers vector needs to lie within the slip plane as given by Equation (1) i.e. Weiss 

zone law analysis [34]. 

hu + kv +lw = 0     (1) 

Slip planes are usually the most dense inter-planar plane within the crystal systems, 

in which slip is enabled by the movement of dislocations.  Nonetheless, in organic 

materials, both the strength and directionality of intermolecular interactions and 

surface properties of the slip plane can also affect crystal deformation in molecular 

systems.  In particular, the topology of their slip planes may involve having corrugated 

glide surfaces [35].  This, together with the irregular shape of organic molecules and 

the anisotropic nature of their intermolecular interactions, makes the deformation 

process by dislocation slip in organic materials quite complex.   



9 

 

The total energy associated with the formation of a dislocation (𝐸𝑑𝑖𝑠𝑙𝑜𝑐) can be 

represented by Equation (2) [36]. 

Edisloc= Ecore + Eline      (2) 

where 𝐸𝑐𝑜𝑟𝑒  is core energy and 𝐸𝑙𝑖𝑛𝑒  is the line energy.  The former represents short-

range non-crystallographic structural disorder around the dislocation line whereas the 

latter represents the longer-range elastic distortion of the crystal lattice created by the 

dislocation core.  The dislocation core energy can be difficult to estimate directly but 

usually is estimated to be at least an order of magnitude smaller than the overall line 

energy [36] and hence, disregarding the core energy component should not cause a 

significant errors in terms of characterising the overall dislocation energetics. 

For isotropic materials, the dislocation line energy can be calculated [36] by          

Equation (3).   

Eline = AK|�̅�|2    (3) 

where K is the modulus of elasticity, |b| is the magnitude of the Burgers vector and A 

is a constant.  This shows that the lowest dislocation energy is consistent with the 

shortest length of the Burgers vectors.  For anisotropic materials, K is not single-

valued, and the full elastic tensor notation is required for its accurate description.  

However, such calculations see e.g. [37-38] are beyond the scope of this current paper. 

For a molecular system, the Burgers vector is defined in a similar way as the shortest 

intermolecular interaction between two molecules related by 3D translational 

symmetry.  Slip within a molecular structure can be expected to start from within a 

small area and spread outwards [35] and through this generating a slip front with the 

dislocation line (ℓ̅ ) separating the slipped and the unslipped regions.  In the lower 
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symmetry crystallographic systems, which are typical for organic systems, there are 

fewer opportunities for dislocations to interact (pile-up).  Dislocation pile-up may lead 

to work-hardening, in effect making the material more brittle.  Overall, organic systems 

tend to have a lower number of active slip systems when compared to inorganic 

materials and their mechanical deformation processes tends to be more complex.   

2.2 A mechanical deformation prediction workflow 

Building upon the above perspective, a detailed workflow can be developed that 

encompasses three underlying themes (Figure 2), crystal geometry, crystal chemistry 

and lattice energetics.  Each of these can be predicted and assessed using molecular-

scale modelling methods with the output from the various component calculations 

being integrated and applied to the prediction of the mechanical deformation process 

using a multiple attributes decision-making (MADM) statistical approach [39] 

The model prediction criteria are related to the displacement of planes of molecules 

along a specified lattice direction.  In this, an active slip system occurs when the 

Burgers vector lies within the slip plane i.e., consistent with ductile behaviour.  In 

cases where the Burgers vector does not lie within the slip plane, then the selected 

slip system will not be active.  Solid forms with potential slip systems which are not 

active can be essentially classified as being brittle with the potential to undergo either 

a cleavage or rough fracture.  The propensity for cleavage fracture can be assessed 

through consideration whether the strongest intermolecular interactions within the 

crystal structure would be broken through the fracture process on the cleavage plane.  

Overall, through the integrated analysis presented in Figure 2, solid forms can be 

characterised in terms of their likelihood for both plastic deformation and cleavage 

fracture.   
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Fig. 2 Diagrammatic workflow for predicting mechanical deformation properties which 
encompasses three design tools crystal chemistry (blue), lattice energetics (red), 
crystal planes (purple) where (hkl) is the deformation plane and [uvw] is the 
deformation direction 
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2.3 Selection of representative crystallographic structures for mechanical 

properties case-study 

Two closely-related organic crystal systems were considered for methodological 

evaluation of the proposed workflow in this study; pentaerythritol (PET) and 

pentaerythritol tetranitrate (PETN). Figure 3 showed the molecular structure for (a) 

PET and (b) PETN.  Although neither compound would be regarded as a 

pharmaceutical, these two structures are quite representative for the purposes of this 

study in that they are organic and have intermolecular structures which are dominated 

by van der Waals, electrostatic and hydrogen bonding interactions.   

 

 

 

 

 

 

The PET crystal structure was determined by Eilerman et.al [40] (CSD code PERYO04) 

and PETN by Zhurova et.al [41] (CSD code PERYTN12).  These two crystal structures, 

as taken from the Cambridge Structural Database (CSD) [42], were of interest because 

of their contrasting mechanical properties despite the fact that both have similar 

neopentane skeleton molecular structures and crystallise in tetragonal crystal 

structures, albeit with a key difference being the Bravais lattice type, whereby PET is 

body-centred (space group I4̅) whilst PETN is primitive (space group P4̅21𝑐 ).  Both 

Fig. 3 The molecular structures of (a) pentaerythritol (b) pentaerythritol tetranitrate
with oxygen (red), carbon (grey), nitrogen (purple), hydrogen (white). 

(a) (b) 
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systems are well-studied with experimental data available for validation of the 

molecular computational analysis [43-44].   

3 Materials and methods 

The computational workflow used in this study is summarised in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

3.1 Crystal chemistry, synthon analysis and morphology 

Intermolecular interactions were modelled using the generic empirical Dreiding II force 

field [45] together with Gasteiger [46] partial charges for the electrostatic interactions.  

The crystal structure was optimised by minimisation of lattice energy using Forcite 

module within the Accelerys Materials Studio 5.5 [47] with all the subsequence 

calculations using minimised molecular structures.    

The strength of the individual intermolecular interactions together with their 

summation for calculating the crystal lattice energies (𝐸𝑐𝑟) were calculated using the 

atom-atom method as implemented in HABIT98 [48] with an intermolecular summation 

Fig. 4 Computational workflow highlighting the steps involved in predicting crystal 
deformation mechanism using molecular and crystallographic information 
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radii of between 30 and 60 angstroms (Å).   Results from the crystallographic 

calculations with the limit for zero bond strength is 0.1 kcal.mol-1 were used to identify 

and classify  the three strongest intermolecular interactions within the limiting radius. 

The calculated lattice energies were compared to experimentally determined 

sublimation enthalpy, ∆𝐻𝑠𝑢𝑏, using Equation (4) [49] 

𝐸𝑐𝑟 = ∆𝐻𝑠𝑢𝑏 + 2𝑅𝑇      (4) 

Where R is the gas constant, and T is the temperature. 

The crystal morphology was predicted using attachment energy (𝐸𝑎𝑡𝑡) approach [50-51] 

based upon an evaluation of the most likely morphological important habit surfaces 

using the BFDH method [52].  The surface-terminated intermolecular interactions were 

assessed by partitioning all the calculated intermolecular interactions contributing to 

the lattice energy (𝐸𝑐𝑟) between the extrinsic synthons contributing to the attachment 

(𝐸𝑎𝑡𝑡ℎ𝑘𝑙) and the fully satisfied surface-stability intrinsic synthons contributing to the slice 

energies (𝐸𝑠𝑙ℎ𝑘𝑙), see Equation (5) [50]. 

𝐸𝑐𝑟 = 𝐸𝑎𝑡𝑡ℎ𝑘𝑙 + 𝐸𝑠𝑙ℎ𝑘𝑙    (5) 

The surface anisotropy factor was calculated to assess the degree to which each 

crystal face is satisfied with respect to its bulk intermolecular interactions by Equation 

(6) [53-54].   

𝜉ℎ𝑘𝑙 = 𝐸𝑠𝑙ℎ𝑘𝑙𝐸𝑐𝑟      (6) 

The hydrogen bond breaking propensity percentages were calculated on the basis of 

the hydrogen bond contribution towards attachment energy i.e. that correlated to the 

hydrogen binding at the surface planes.  
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3.2 Slip plane identification 

Characterisation of slip planes for a given crystal surface (hkl) was carried out by 

considering a combination of the crystal surface energy, anisotropy factor, rugosity, 

interlocking of planes and strong synthon breaking.  A statistical approach (MADM) 

was used to weight and rank the potential slip planes.   

3.2.1 Surface energy  

The specific surface energy (γ) was computed through Equation (7) [50],  

𝛾 = 𝑍𝐸𝑎𝑡𝑡ℎ𝑘𝑙𝑑ℎ𝑘𝑙2𝑉𝑁𝐴      (7) 

where Z is the number of the asymmetric units in the unit cell; 𝐸𝑎𝑡𝑡 is attachment 

energy; 𝑑ℎ𝑘𝑙 is the interplanar spacing on the (hkl) face; V is the volume of the unit 

cell; and 𝑁𝐴 is Avogadro's number.     

3.2.2 Surface rugosity 

The surface rugosity was calculated as a root mean square (RMS) distance based 

upon deviation of the distance of all atoms within the molecules with respect to an 

arbitrary plane defined in this case as being at the centre of a slice with a thickness 

of 𝑑ℎ𝑘𝑙.  The calculated rugosity values were optimised by allowing the selected plane 

boundaries to adjust by up to +/- one d-spacing in order to locate the minimum value 

for the RMS rugosity. 
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The distance for each atom to a reference slip plane was calculated from the plane to 

point distance inter-relationship given in Equation (8)[55]. 

d = 
|𝑎𝑥2+ 𝑏𝑦2+ 𝐶𝑧2+𝐷|√𝑎2+ 𝑏2+ 𝑐2     (8) 

As shown in Figure 5, the shortest distance (D) from a point to a plane is along the 

line perpendicular to the crystal plane i.e., the normal vector direction �⃗� (𝑎, 𝑏, 𝑐, ).  If we 

denote P1 as the point where the black line segment touches the plane, then P1 (X1, 

Y1, Z1) is the point on the plane closest to P2(X2, Y2, Z2), the atomic position.  The 

distance is the length of projection of the vector from P1 to P2 onto the normal vector �⃗� .  The plane equations can be written as in Equations (9) and (10). 

 ax +by +cz + D = 0     (9) 

where  

D = -ax2- by2- cz2      (10)  

Fig. 5 Schematic showing the basis of the rugosity prediction which 
encompasses the calculation of the root mean square (RMS) distances of 
all the constituent atoms within the unit cell from the centre of the 
designated slip plane  

x 

z 
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3.2.3 Slip plane interlocking  

The procedure for assessing slip plane interlocking is depicted in Figure 6.  

Essentially, the dimensional extent of the molecules between two adjacent inter-

planar spacings (dhkl) for a specified crystal slip plane (hkl) was measured and 

expressed as projected distance and the degree of inter-molecular overlap assessed.  

Through this, a clash factor, defined as the % of inter-planar overlap provided the 

measure to assess the degree of slip-plane interlock.  For example, this might range 

from substantial intermolecular clash (Figure 6 (a)) to no clash at all (Figure 6(b)).    

 

 

 

 

 

 

 

 

 

3.2.4 Statistical analysis of slip plane criteria 

Given the number of criteria considered for the slip-plane analysis, a statistical 

evaluation was used to provide a fair selection of the most-probable slip planes and 

the multiple attribute decision-making (MADM) approach was adopted[39].  MADM 

combined several statistical methods, particularly the weighting method, fuzzy logic 

and analytic hierarchy process see, for example, Rao and Davim (2008) [39].  In this 

Fig. 6 Schematic diagram showing projection of molecular envelope onto slip plane 
surface (hkl) highlighting the contrasting cases of inter-plane interlocking where 
there is (a) and is no (b) interlocking.   
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study each of the criteria was assigned the same weighting to represent their equal 

importance.  At this early stage of the model's development, the MADM adopted is 

sufficient to provide a fair judgement to rank the slip planes.  The weightings can be 

adjusted with time as further experimental data becomes available during the 

research and development process. 

3.3 Burgers vector (�̅� ) determination 

Likely dislocation Burgers vectors were assessed by measuring the inter-molecular 

distances for molecules which are related by 3D translational symmetry.  For centred 

Bravais lattices this involved considering the halving of appropriate intermolecular 

distances within the crystal lattice consistent with the type of crystal lattice centering 

involved i.e., F, I, A, B or C.  After this, the distances were ranked with respect to those 

having the shortest magnitude, i.e., as would be consistent with the lowest dislocation 

line energies.   

3.4 Deformation mechanistic analysis 

In summary, the deformation mechanistic analysis was carried out following the 

workflow outlined in Figure 2.  In this, ductile behaviour was assessed through the 

criteria described outlined above, notably the identification of a likely deformation 

plane coupled with the existence of a low energy dislocation lying within the slip plane 

i.e., meeting      Equation (1).   

In the absence of a successful meeting of the above criteria, further analysis was 

carried out to assess the likely nature of crystal fracture in the absence of plastic 

deformation.  In this, the strongest synthons were assessed to see if they were 

orientated within the deformation plane from which the likelihood of clean cleavage 

fracture (or otherwise) was assessed. 
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4 PET case study 

4.1 Crystal chemistry analysis  

4.1.1 Lattice energy and crystal morphology 

The calculated lattice energetics for PET was -32.67 kcal/mol, consistent with the 

known sublimation enthalpies[56], which are 2 kcal/mol higher, the latter reflecting the 

difference associated with the temperature at which the sublimation enthalpy was 

measured.  The PET molecule is symmetrical and compact. Therefore, its 

intermolecular interactions tend to be dominated by interactions between its terminal 

groups, as can be seen from the contributions from the main functional groups in 

Table 2. 

Examination of the PET structure reveals that the terminal hydroxyl groups of PET 

contribute most, ca. 72%, towards the lattice energy compared to the neopentane 

group ca. 28%.  A detailed functional interatomic analysis of PET  (Figure 7) showed 

that the major contributor to PET lattice energy is from the hydrogen atoms involved 

in hydrogen bonding ca. -22.65 kcal.mol-1 followed by oxygen ca. -13.49 kcal.mol-1 

and carbon ca. -5.72 kcal.mol-1.  Attachment energy calculations reveal the predicted 

crystal morphology of PET to be bipyramidal.  The morphology was consistent with 

the experimentally grown crystals, as shown in Figure 8, with the highest habit plane 

having the surface area face being {101}. 

Table 2 The summary of the respective types of intermolecular interactions in 
PET.  

 Functional 

group 

vdW  Coulombic  Total (kcal/mol) % 

PET Hydroxyl -8.80 -4.20 -13.00 72.00 

Neopentane -4.28 -0.92 -5.20 28.00 
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4.1.2 Intermolecular interactions 

The analysis of the intermolecular synthons is summarised in Figure 9 and Table 3.  

The strongest interactions were provided by (synthons A1, B1, and C1) whose energies 

were -4.82, -1.21 and -0.32 kcal.mol-1, respectively.  The strongest synthon A1 is 

aligned along the [010] and [100] directions i.e. being related by the 4-fold axis at an 

intermolecular centre-to-centre distance of 6.28 Å.  The A1 synthon is associated with 

OH….HO hydrogen bonding between the hydroxyl groups which act as both hydrogen 

Fig. 7 % atom-atom contributions to the lattice energy of PET for a 10(Å)limiting radius
of highlighting the importance of the observed, hydroxyl groups. 

Fig. 8 The predicted morphology of PET (a) in comparison to the experimentally 
observed crystals (b).  

 
 

hydroxyl 

neopentane 

 
 
 
 
 
 

(a)                                    (b)   

(-101) 

(-110) 

(-10-1) 
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bonding donors and acceptors.  The intermolecular interaction energy for synthon A1 

is about four times higher than that of synthon (B1) and might suggest that these strong 

hydrogen-bonded interactions would dominate the mechanical properties of PET. 

 

 

 

 

 
4.2 Analysis of potential slip planes  

Qualitative analysis of the crystal packing (Figure 10) for PET revealed a number of 

potential slip planes, {101}, {011} and {001}, albeit two of these {101} and {011} 

involved the breaking of hydrogen bonds.  Whilst the morphological importance of the 

habit planes is predicted, the analysis shows that these are not necessarily the 

material's active slip planes when one considers all the possible combinations of 

lattice planes for systems such as PET. 

 

 

 

 

 

 

Fig. 10 Intermolecular packing projections for PET viewing the lattice normal to the
[100] and [001] directions respectively.  The PET structure exhibit a sheet-like pattern
when viewed through [100] directions, and H-bonding was identified along the [100]
and [010] directions. 

Fig. 9 Identification of the key intermolecular synthons (A, B and C) as extracted from 
the bulk crystallographic structures of PET highlighting the fact that its strongest 
interaction (synthon A) involves highly directed hydrogen bonds. 
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Table 3 Characterisation of three strongest intermolecular interactions identified as 
hydrogen bond (h-bond) and van der Waals (vdW) for PET (A1, B1, C1).  The 
contribution of each interaction towards potential slip plane (hkl) surfaces is also 
identified.  

 

 

 

 

 

 

 

PET 

Synthon Type of 

interaction 

Multiplicity Length 

(Å) 

Synthon 

strength 

(kcal/mol) 

Synthon 

direction 

<u2v2w2> 

{100} {001} {010} {111} {101} {011} {110} 

A1  h-bond 8 6.28 -4.82 <010> 𝐸𝑎𝑡𝑡 𝑬𝒔𝒍 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 
B1 vdW 16 6.27 -1.21 <100> 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 
C1  vdW 8 8.89 -0.32 <110> 𝐸𝑎𝑡𝑡 𝑬𝒔𝒍 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 
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Name Face 
(hkl) 

Interplanar 
spacing (dhkl) 

m-10 

Slice 
energy 
(kcal 
mol-1) 

% surface 
satisfaction 

Attachment 
Energy 

(kcal mol-1) 

Rugosity 
(Å) 

Surface 
energy (𝛾)  

       (kcal/ Å 

2) 

Interlocking Hydrogen 
bond 

breaking  

% 
satisfying 

MADM 

Rank 

PET {001} 8.84 -25.75 81.5 -5.84 3.36 0.15 No No 94 1 

{101} 5.12 -14.84 47.0 -16.74 3.29 0.13 No Yes  54 2 

{110} 4.44 -5.56 17.6 -26.04 3.03 0.17 Yes Yes  33 3 

{111} 3.97 -4.53 14.4 -27.06 3.29 0.20 No Yes  33 4 

{100} 6.29 -14.78 46.8 -16.82 4.94 0.30 Yes Yes 25 5 

Table 4 Analysis of the key slip-plane metrics for PET encompassing surface plane satisfaction, 
rugosity, surface energy, interlocking of molecular during slip and hydrogen bond breaking. 
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For PET, hydrogen-bonded synthons (A1) created between the terminal hydroxyl 

groups were found to contribute toward the slice energy for {001} face (Table 3).    This 

finding correlates well with the high degree of surface satisfaction calculated for {001} 

surfaces (Table 4).  

Analysis of the rugosity data for PET (Table 4) reveals the highest rugosity of 4.94 for 

the {100} planes, with the lowest being 3.03 for the {110} planes, in good agreement 

with the qualitative analysis of crystal chemistry given previously.  The rugosity for the 

{001} planes was 3.36.  The lowest surface energy for PET was found to be 0.15 

kcal.Å-2  for the {001} planes, with the highest being 0.30 kcal.Å-2 for {100} 

respectively.    

 The interplanar interlocking analysis (Table 4) revealed that the molecules on the 

{001}, {101} and {111} planes do not significantly overlap.  In terms of hydrogen bond 

breaking, only the {001} planes did not have hydrogen bonds protruding from the 

plane surface.  All the other planes exhibited a propensity for hydrogen bond breaking 

when deformed.   

The most unsatisfied face for PET is {111}, with anisotropy values of 14.4%, which is 

reflected by its higher attachment energy of (Table 4).  In contrast, the {001} faces 

showed the highest surface satisfaction with 81.5% reflecting the fact it would be 

unlikely to create significant strong bonds with incoming new growth layers.  This 

analysis is in agreement with the rugosity ranking for preferred slip planes as well as 

the fact that its in-plane deformation would not result in intermolecular interlocking.  

Analysis of the ranking for potential slip planes revealed that the smallest deviation 

from the optimum slip plane attributes was 94% for the {001} planes with the rugosity 
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and surface energy analysis (Table 4) showing that whilst this surface was not the 

most atomically smoothest surface, it was the only lattice plane within the PET 

structure for which slip would not involve the breaking of hydrogen bonds.  Such 

hydrogen bonds tend to be highly directional and relatively strong, and in PET 

structure they lie parallel to the {001} planes, hence creating strong in-plane 

interactions optimal for a slip plane when compared to the other planes.  Assessing 

such directionality can play a vital part in predicting the fracture mechanism, mindful 

that a significant fraction of the lattice energy for this compound results from the 

strength of its hydrogen bonding intermolecular interactions.   

4.3 Analysis of potential slip directions 

Given its body-centered structure its shortest Burgers vector was half of the 

translational vector <111> with this being the preferred direction for lattice 

displacement by dislocation motion consistent with it having the lowest dislocation 

energy.  In contrast, larger Burgers vectors would involve a greater degree of lattice 

displacement, with concomitantly higher dislocation energies.  

Table 5 List of preferred Burgers vector for PET as ranked using the geometrical 
magnitude (𝒃𝟐) criteria with the most preferred Burgers vector being the top 
value.   

 

 

 

 

 

 

 

 Burgers 
vector 

<uvw> 

Burgers 
vector 

magnitude 
(𝒃𝟐) (Å𝟐) 

Rank 
(𝒃𝟐) 

PET 

½<111> 39.30 1 

<010> 39.50 2 

<100> 39.50 2 

<001> 78.18 3 

<110> 79.00 4 
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4.4 Prediction of slip systems 

The ranked lists of 5 respective putative slip planes and slip directions were 

intersected for the PET case, resulting in forty-nine slip systems combinations, with 

twelve of these being active, i.e., possessing the desired in-plane relationship for the 

combination of slip plane and direction.  The shortest Burgers vector of PET, as shown 

in Table 5, ½ <111> did not lie in the most likely slip planes {001}, and therefore did 

not result in an active slip system.  Whilst other slip systems would be feasible, they 

all involved hydrogen bond breaking, which lowered their feasibility.  Nonetheless, 

from the prediction model workflow (Figure 2), such inactive slip systems may further 

be examined to assess their potential fracture for cleavage depending on the 

geometric relationship between the fracture plane and the strongest intermolecular 

bonds.  

The strongest hydrogen-bonded synthon (A1) lies in the <010> direction for PET 

(Figure 11(a)) and therefore lies within the {001} slip plane, thus enabling cleavage-

based fracture to take place.  This prediction was in good general agreement with 

available experimental data, which revealed cleavage plane traces within the bulk 

crystals and on external fracture surfaces due to chipping, both of which were 

observed to be parallel to the {001} plane PET (Figure 11(b)).  Hence, for PET, 

cleavage-based fracture was found to be both predicted and observed to occur due 

to the structure’s dominating intermolecular interaction directionality rather than by 

plastic deformation associated with Burgers vector motion.   
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5 PETN case study 

5.1 Crystal chemistry analysis  

5.1.1 Lattice energy and crystal morphology 

The calculated lattice energy for PETN was found to be -38.61 kcal/mol which was 

consistent with its experimentally determined sublimation enthalpy. The higher 

molecular weight associated with the additional nitrate ester functional groups present 

in the PETN structure is reflected in its higher lattice energy when compared to PET.  

In a similar manner to PET, the molecular structure of PETN is quite symmetrical.  

Analysis of the relative contributions from its main functional groups, summarised in 

Table 6, reveal the terminal nitrate esters functional groups to contribute ca. 97% to 

its lattice energy and form the structure’s dominant functional group (Figure 12). The 

protrusion of these groups prevent close intermolecular interactions with the 

molecule's other atoms.   

 

Fig. 11 Molecular packing diagram highlighting the surface chemistry of the {001} 
plane in PET highlighting hydrogen bonding in the <010> directions consistent with 
cleaving of this surface crystal of PET showing chipping of {001} surface consistent 
with the cleavage fracture.  

  

(a) (b) 

c 
b 
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Table 6 Energy contribution summary for each functional group in PETN with 97% 
energy contributed by nitrate ester group. 

 

 Functional 

group 

vdW  Coulombic  Total 

(kcal/mol) 

% 

PETN Nitrate ester -13.36 -19.07 -32.43 97.00 

Neopentane -4.36 3.34 -1.02 3.00 

 

The PETN crystal morphology was predicted to be tabular and consistent with the 

experimentally grown crystals, as shown in Figure 13, with the largest habit planes 

being {110}. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 % Individual atom-atom contributions to the lattice energy of PETN for  a 
10(Å) limiting radius highlighting the importance of terminal groups.  

Fig. 13 The predicted morphology of PETN (a) in comparison to the 
experimentally observed crystals (b). 

nitrate ester 

 

neopentane 

 

(110) 

(011) 

(-101) 

(110) 
(0-11) 

(-101) 

(a) (b) 
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5.1.2 Intermolecular interactions 

The analysis of the intermolecular synthons in PETN structures is summarised in     

Figure 14 and Table 7.  For PETN, the top three strongest synthons (C1, C2, C3) 

energies were -3.62, -3.61 and -2.49 kcal.mol-1, revealing the strength of 

intermolecular interactions to be much more evenly distributed in PETN than in PET, 

with only small differences of 1% to 4% between their strength.  The strongest 

interactions are comparatively isotropic along the <101>, <100> and <111> directions.  

More importantly, and in direct contrast to PET, the intermolecular interactions of 

PETN are dominated by van der Waals interactions while in PET structure they are 

dominated by stronger and much more directed hydrogen bond interactions.  

 

 

 

 

 

 

Fig. 14 Identification of the key intermolecular synthons (C1, C2, C3) as extracted from 
the bulk crystallographic structures of PETN highlighting the fact that the strongest 
interactions involves only isotropic van der Waals interactions. 
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PETN 

 Type of 

interaction 

Multiplicity Length 

(Å) 

Synthon 

strength 

(kcal/mol) 

Synthon 

direction 

<u2v2w2> 

{100} {001} {010} {111} {011} {101} {110} 

A2  vdW 4 7.65 -3.62 <101> 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝑬𝒔𝒍 
B2  vdW 4 7.65 -3.61 <111> 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 
C2 vdW 4 7.12 -2.49 <001> 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝐸𝑎𝑡𝑡 𝑬𝒔𝒍 

Name Face (hkl) Interplanar 
spacing (dhkl) m-10 

Slice 
energy 

(kcal mol-1) 

% surface 
satisfaction 

Attachment 
Energy 

(kcal mol-1) 

Rugosity 
(Å) 

Surface 
energy (𝛾)  

       (kcal/ Å 2) 

Interlocking Hydrogen 
bond 

breaking  

% 
satisfying 

MDAM 

Rank 

PETN {110} 6.77 -20.41 52.9 -18.14 4.32 0.19 No No 82 1 

{111} 4.91 -12.38 32.1 -26.17 4.18 0.20 Yes No 45 2 

{101} 5.71 -15.15 39.3 -24.36 4.01 0.21 Yes No 43 3 

{001} 7.12 -14.19 36.8 -24.36 5.79 0.27 Yes No 23 4 

{100} 9.58 -21.58 55.9 -16.98 7.39 0.25 Yes No 3 5 

Table 7 Characterisation of the strongest intermolecular interactions identified as van   der Waals (vdW) for PETN.  The contribution 
of each interaction towards potential slip plane (hkl) surfaces is also identified.   

  

Table 8 Analysis of the key slip-plane metrics for PETN encompassing surface plane satisfaction, rugosity, surface energy, 
interlocking of molecular during slip and hydrogen bond breaking. 
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5.2 Analysis of potential slip planes  

A qualitative analysis of the crystal packing (Figure 15) for PETN reveals the only 

potential slip planes are {110}.  All the other likely candidates would involve the 

potential for intermolecular clashes during any deformation process due to their 

corrugated surface topologies. 

 

 

 

 

 

 

 

For PETN, the vdW synthons (A2) and (C2) were found to contribute towards the slice 

energy for {110} with the (A2) type having the higher bond strength (Table 7).  This 

correlates well to the high surface satisfaction calculated for the {110} surfaces in 

PETN.  Table 8 shows that the most unsatisfied surfaces were the {111} faces, with 

an anisotropy value of 32.1% in contrast to the {110} faces, where this percentage 

was much higher at 52.9%.  The most satisfied crystal faces encompasses fewer 

intermolecular surface binding interactions, consistent with their dominance within the 

observed crystal morphology.   

Fig. 15 Intermolecular packing projections for PETN viewing the lattice normal to the
[100] and [001] directions respectively.  The PETN structure exhibits a zig-zag crystal
packing structure when viewed through [100].   

c 

b 

(110) 

b 

a 
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Analysis of the rugosity data for PETN reveals the highest value (7.39) to be for the 

{100} faces and the lowest value (4.01) for the {101} faces.  The rugosity value for the 

{110} plane was 4.32.   

The lowest surface energy was 0.19 kcal.Å-2 for {110} faces and highest was 0.27 

kcal.Å-2 for {001} face.  It can be seen from Table 8 that the {110} faces, whilst having 

the lowest surface energy, did not have the lowest rugosity value.  This is consistent 

with the calculated values for rugosity and surface energy being quite independent of 

each other, even though low valuesfor both parameters are preferred for potential slip 

planes.   

The {110} lattice planes were the only planes that were not overlapping, reflecting 

there being sufficient intermolecular clearance for the slip to occur.  This analysis is 

in good agreement with the preferred {110} planes being found not to interlock.   

Overall, the analysis for the PETN slip planes as seen in Table 8, reveals the {110} 

plane to be the most probable slip plane with 82% fitting attributes for mechanical 

deformation as the other candidates' scores were below 50%.  Compared to PET, the 

obvious differences in its deformation behaviour can be observed through its more 

complex crystallographic packing.    

5.3 Analysis of potential slip directions 

In PETN shortest Burgers vector was in the lattice translational vector of <001>    

(Table 9), followed by the <010> and <100>.  Hence, the <001> vector can be 

expected to be the preferred vector for PETN slip system analysis.  Noting that any 

plane with indices of the form (hk0) with this Burgers vector would satisfy the Weiss 

zone law (Equation 1), of which the most preferred potential slip plane will be the {110} 

planes based on the slip plane analysis.   
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Table 9 List of preferred Burgers vector for PETN as ranked using the geometrical 
magnitude criteria (𝒃𝟐) with the most preferred Burgers vector being the top 
value.   

 

 

 

 

 

 

5.4 Prediction of slip systems 

The combination of {110} slip plane and <001> slip direction in PETN satisfies the 

active slip system condition.  Based on the workflow proposed in this study, the 

deformation is predicted to occur by plastic deformation.  This outcome agrees with 

the micro-hardness indentation results of Halfpenny et al. [43], who showed that PET 

underwent mechanically deformation through this slip system.   

The experimental data shown in Figure 16 shows (a) slip traces and well-defined 

dislocation etch pits after subsequent etching [43].  In the <001> direction no other 

direction traces were seen from the etching, and slippage was following only one 

direction.  Revisiting the crystallographic structure of PETN (Figure 15), the {110} 

plane showed good intermolecular clearance without having any significant 

intermolecular interactions broken perpendicular to the plane. This reflects the 

strength of the interplanar interactions being weaker than the intraplanar interactions,  

a situation promoting ease of slippage between the relatively rigid but weakly inter-

connected {110} lattice planes.   

 

 Burgers 
vector 

<uvw> 

Burgers 
vector 

magnitude 
(𝒃𝟐) (Å𝟐) 

Rank 
(𝒃𝟐) 

PETN 

<001> 50.65 1 

<010> 91.74 2 

<100> 91.74 2 

<011> 142.39 3 

<101> 142.39 3 
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6 Conclusions 

An integrated molecular modelling-based workflow for analysing the mechanical 

deformation of organic crystals encompassing deformation by both plastic 

deformation and/or by cleavage fracture has been developed and tested through 

case-study work on the related crystal systems of PET and PETN.   

Analysis of the mechanical properties of PET revealed deformation by cleavage 

fracture on the {001} planes enabled by strong in-plane hydrogen-bond interactions 

in the <110> directions.  This demonstrates that the directionality of the strongest 

intermolecular interactions can also be used to differentiate between crystal fracture 

by rough interfacial fragmentation and smooth fracture by cleavage particularly in 

cases where slip systems are not active.  In contrast, analysis of the mechanical 

properties of PETN reveals a strong likelihood for plastic deformation associated with 

an active slip system of {110} <001> i.e. slip on {110} planes through the motion of 

dislocations with a Burgers vector of <001>. 

Fig. 16 Microhardness indentations onto the {110} habit surface of PETN crystals, after 
reference [43] highlighting well-defined lattice slipping along the <001> direction (a) 
and showing the same region after acetone etching (b) revealing well-resolved 
dislocation etch pits. (Figure reproduced with permission from Journal of Materials 
Science). 

(a) (b) 
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This study demonstrates the capability to predict the mechanical deformation of 

organic crystals materials based on an assessment of combination of a number of the 

key features shown in the workflow presented in Figure 2 through molecular-based 

crystallographic modelling.  It was found that the correlation between the 

crystallographic packing arrangements, particularly the way molecules are packed 

within the crystallographic structure, directs the identification of the primary slip 

systems within materials and, through this, its overall mechanical deformation 

process.  By such characterisation, ductile or brittle materials, such as the APIs and 

excipients used within drug products suitable for direct compression, can be 

determined rationally, aiding and enhancing the overall formulation design process.  

However, more work is needed to extend the application of these proposed models 

and workflow for a broader and more diverse range of organic crystalline materials.   
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[47] BIOVIA, Dassault Systèmes[MATERIALS STUDIO], [5.5], SAN DIEGO: DASSAULT 
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