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ABSTRACT 

Spiral hillocks on n-alkane crystal surfaces were observed immediately after Frank recognized the 

importance of screw dislocations for crystal growth, yet their structures and energies in molecular 

crystals remain ill-defined. To illustrate the structural chemistry of screw dislocations that are 

responsible for plasticity in organic crystals and upon which the organic electronics and pharmaceutical 

industries depend, molecular dynamics was used to examine heterochiral dislocation pairs with Burgers 

vectors along [001] in n-hexane, n-octane, and n-decane crystals. The cores were anisotropic and 

elongated in the (110) slip plane, with significant local changes in molecular position, orientation, 

conformation, and energy. This detailed atomic level picture produced a distribution of strain consistent 

with linear elastic theory, giving confidence in the simulations. Dislocations with doubled Burgers 

vectors split into pairs with elementary displacements. These results suggest a pathway to 

understanding the mechanical properties and failure associated with elastic and plastic deformation in 

soft crystals. 
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As the organic diodes and transistors of the flexible phones that will soon populate the modern world 

inevitably fail,1 or when new active pharmaceutical ingredients resist tableting2 – seemingly unrelated 

concerns for the materials scientist – attention will increasingly focus on the structures, energies, and 

origins of defects in crystals built from molecules that are responsible for plasticity.3,4,5,6,7,8 

Computation9,10 and transmission electron microscopy11,12 have revealed structures of dislocation cores 

in metals and binary solids in atomic detail, but despite this progress, molecular crystals remain for the 

most part terra incognita. Isolated computational excursions into this unexplored and more complex 

territory include the study of edge dislocations in naphthalene13 as well as shear and slip structures in 

organic explosives.14,15,16,17,18 Screw dislocations have been modeled in polyethylene,19,20 C60,21 RDX,22 

anthracene,23 sucrose,24 and acetaminophen,24,25,26 the latter as part of a concerted program to model 

such structures in increasingly complex systems.27,28,29,30,31 However, unlike 'hard' metals and minerals, 

dislocations in organic materials can not at present be imaged in molecular detail and evaluation of 

computed models must rely on structures that are chemically, energetically, and crystallographically 

sensible, and be consistent with the continuum elastic theory. Another distinctive feature of molecular 

crystals is coexistence of strong intramolecular and weak intermolecular forces that direct formation of 

specific supramolecular assemblies. For these reasons, the structural chemistry of dislocations in 

molecular materials must build systematically from the simple to the complex, just as molecular crystal 

structure based on the close packing principle is often logically presented through comparison of 

homologous long chain aliphatic compounds and polycyclic aromatic hydrocarbons.32      

Herein, we begin populating the vacant space of systematic knowledge by describing the dynamics, 

structures, sizes, and core energetics of screw dislocations in even n-alkanes that are appealing for the 

following reasons: (i) images of well defined spiral hillocks on the (001) face of long n-alkanes, C34H70,33 

C36H74,34,35
 C39H80,36 C40H82,37 and C100H202,38 have been reported;  (ii) crystal structures of related smaller 

(< C26) even n-alkanes are simple, crystallizing in the triclinic P1̅ space group (Z=1) with only translational 
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symmetry between molecules in all-anti zigzag conformations (Fig. 1A);39 (iii) long-chain molecules in 

crystals with Burgers vectors having large components in the long directions can produce large 

distortions; and (iv) conformational analysis and intermolecular interactions in paraffins are well 

understood.40 The investigations described below explore dislocations in shorter, yet isostructural, n-

hexane,41 n-octane42,43 and n-decane,44 chosen for reasons of computational economy.   

 

Figure 1. (A) n-Octane unit cell highlighting the azimuth orientation angle (ψ), inclination (θ), and axial 

angle (φ). (B) Shearing of perfect lattice yielding a single screw dislocation with b = ±1[001]. (C) 

Magnified section of slip interface illustrating previously predicted expectation35,36,38 that chains would 

rise/fall two methylene units at a time to preserve zigzagging interdigitation of all-anti chains. 

 

It was proposed35,36,38 that dislocations in even n-alkane chains should be characterized by slips 

between chains in intervals of two methylene groups, such that the adjacent chains maintain registry 

with respect to the zigzag conformation (Fig. 1C). This mechanism suggests a straightforward analysis of 

the core structure that can be tested by computation. Simulation cells were built of optimized n-hexane 

(cexp
 = 8.662 Å,41 copt = 8.539 Å), n-octane (cexp = 11.104 Å,43 copt = 10.998 Å), and n-decane (cexp = 13.586 

Å,44 copt = 13.507 Å) crystal structures (complete list of lattice parameters can be found in SI Table S2). 

Pairs of heterochiral screw dislocations were introduced into simulation cells to allow for the 

implementation of periodic boundary conditions (PBCs) during optimization and molecular dynamics 
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(MD) by shearing superlattices to yield Burgers vectors parallel to the dislocation line in the c-direction. 

The variable parameters of the starting configurations include: (i) the slip plane (hkl), (ii) screw 

handedness, (iii) separation between the two heterochiral cores s, (iv) the set-core radius r*, equivalent 

to the distance in the ab plane over which the Burgers vector is traversed, and (v) the length of the 

Burgers vectors |b| (Fig. 2). The heterochiral dislocation pairs can be introduced as right (R) and left (L) 

handed (R/L), or the reverse (L/R), depending upon the side of the slip plane displaced along the +c 

direction (Figs. 2B, C). These alternative configurations are inequivalent for a triclinic system and must 

be evaluated independently.  
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Figure 2. (A) n-Octane supercell as viewed normal to (001) denoting (100)[001], (11̅0)[001], (010)[001] 

and (110)[001] slip systems. (B) View of (001) for a lattice with a L/R heterochiral pair of dislocations 

generated by the (010)[001] slip system (inset: R/L (010)[001]). (C) L/R (left) and R/L (right) geometries 

are unique in a triclinic system. Note the supercell on the right was rotated around a.  (D) View 

perpendicular to the slip plane of an initial sample lattice with a R/L heterochiral pair generated with the 

(010)[001] slip system, to highlight the separation between the two cores (s) and initial set-core radius 

(r*).  

 

Slip systems were evaluated initially by dislocating the lattice along the low index planes (100), (010), 

(11̅0), and (110) (Fig. 2A). An initial set-core radius of 4|b| was used for all simulations, allowing for 

adequate dispersion of the initial strain. Heterochiral dislocations of b = ±1[001] in the (110) or (010) 

planes annihilate one another upon relaxation at temperatures within 20% of the melting point with 

separations ≤13|b|, the largest separation tested, whereas dislocations in the (100) and (11̅0) planes 

persist (Figs. 3A – C). Core annihilation is accompanied by an increase in the length of the displaced 

interface in each of the adjacent cores, followed by a collapse of molecules at the slip plane to restore 

single crystal register under PBCs with displacements of either 0c or ±Zc where Z is an integer (SI Video 

S1). Dislocations in (100) or (11̅0) planes are less mobile and the molecules become trapped in discrete 

structures of high strain and energy (SI Video S2) – even upon increasing the temperature of the 

simulation to 90% of the melting point – enabling investigation of the internal structures of the 

dislocation cores. The dislocation cores were highly anisotropic and elongated in (110) regardless of the 

slip system used to generate the pair (Figs. 4A, 5A). The elongated regions were visualized by plotting 

the difference in potential energy per molecule, with respect to the perfect lattice, averaged over the 

steady-state. Within the regions of elevated potential energy, there are small "hot spots" displaced to 

one side of the core, which is the locus of the dislocation.  
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Figure 3. Displacements before optimization (A, D) and following MD (B, C, E, F) for R/L (11̅0)[001] in n-

octane with the molecules reduced to center of mass spheres and colored black to white according to c-

depth (A, B, D, E) and yellow or orange for right- or left-handed sense (C, F). (A – C) When each 

dislocation in the heterochiral pair initially has b = ±1[001], the steady-state structure contains the two 

cores. (D – F) Dislocations in the heterochiral pair with initial b = ±2[001] result in a steady-state 

structure where the cores have split resulting in four cores, each with b = ±1[001]. (E) Mother/daughter 

cores labeled L1/R1 and L2/R2, respectively.   

 

Given the low energy barrier for the cores to annihilate when introduced via the (010) and (110) slip 

planes, the Burgers vector was doubled, b = ±2[001]; however, the cores still annihilated even at low 

temperatures. Cores in the (100) and (11̅0) with b = ±2[001] split into pairs with b = ± 1[001] at 90% of 

the melting point (SI Videos S3A, S3B). The four cores can be distinguished as mothers, positioned near 
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the original dislocations, and daughters displaced by 12.5 Å in the [11̅0] (Figs. 3D - F and 5A). Dislocation 

dissociation is a common phenomenon and, for example, has been observed at the atomic level both 

experimentally45 and by simulation46 in silicon.  

The initial R/L and L/R geometries (Fig. 2C) resulted in different steady-state structures following 

simulation only when the heterochiral dislocation pair was introduced with the (010)[001] slip system 

with an initial b = ±2[001]. The L/R pair was completely annihilated while the R/L pair was partially 

annihilated resulting in two discrete cores of b = ±1[001] that remained even when simulated at the 

highest temperatures (90% the melting point) for up to 5 ns (the longest simulation run). Additionally, 

subtle differences were also observed for cores in the (100) and (11̅0) that split with the relative 

positions of the mother and daughter cores being opposite for the R/L and L/R structures.  

The z-displacements uz were used to evaluate strain () according to linear elastic theory (Eq. 1). 

𝜀𝑥𝑧 =  
1

2
 
𝜕𝑢𝑧 

𝜕𝑥
, 𝜀𝑦𝑧 =  

1

2
 
𝜕𝑢𝑧 

𝜕𝑦
  (1) 

Displacements in x and y with respect to z were omitted given their small magnitudes (<<0.01), as were 

the small xy, xx, yy and zz components. Strains xz and yz were calculated for the MD structures 

averaged over 350 frames spaced throughout the final 700 ps of the simulations (Figs. 4C, E). The strains 

were calculated between the centers of mass of neighboring molecules. For two dislocations in close 

proximity to one another, d1 and d2, centered as the hottest parts of the cores, xz and yz were expected 

according to isotropic elasticity (Eqs. 2, 3 and Figs. 4D, F). 

𝜀𝑥𝑧(𝑥, 𝑦) =  
𝑏

4𝜋
[

𝑦−𝑦𝑑1

(𝑥−𝑥𝑑1)2+(𝑦−𝑦𝑑1)2 −  
𝑦−𝑦𝑑2

(𝑥−𝑥𝑑2)2+ (𝑦− 𝑦𝑑2)2]  (2) 

𝜀𝑦𝑧(𝑥, 𝑦) =  
𝑏

4𝜋
[

𝑥−𝑥𝑑1

(𝑥−𝑥𝑑1)2+(𝑦−𝑦𝑑1)2 − 
𝑥−𝑥𝑑2

(𝑥−𝑥𝑑2)2+ (𝑦− 𝑦𝑑2)2]  (3) 



 9 

 

Figure 4. (A, B) The potential energy in eV and root-mean-square displacement (RMSD) plotted for each 

lattice position highlighting the two cores for R/L (010)[001] in n-octane with final b = ±1[001]. The strain 

tensor components, εxz and εyz, and the elastic energy Eelastic for the computed results (C, E, G) compared 

to isotropic linear elastic theory (D, F, H) for the entire superlattice. 

 

The resulting elastic energy was derived in the same way from the strain tensor elements xz and yz 

according to the atomistic simulations as well as the idealization based on the assumption of an 
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isotropic elastic medium according to equation (4), where W is the volume per molecule, approximated 

as the volume of the unit cell, and G is the calculated47 shear modulus (Table 1 and Figs. 4G, H).  

𝐸elastic = 𝑊𝐺(𝜀𝑥𝑧
2 + 𝜀𝑦𝑧

2) (4) 

The values for elastic energy at the boundary of the simulation cell were very small, 0.6 to 1.9×10-5 

(computational) and 0.7 to 1.4×10-5 (theoretical), indicating no substantial interactions between 

neighboring heterochiral pairs in the ab plane under PBCs. 

Due to the highly anisotropic shape of the core, its size could not simply be estimated by plotting 

energy versus radius.30,31 Two other approximate methods were used instead. The first one relied on the 

potential energy of the molecule. The sum of the average potential energy per molecule and the 

magnitude of its standard deviation in a perfect crystal was ca. 1.5 kBT. The sharp change in the linear 

energy scale (Figs. 4A and 5A) occurs at twice this value and defines the core. Given that the cores 

resemble ellipses in shape, minor and major radii were measured parallel to [110] and [11̅0], 

respectively (Table 1).  The size was alternatively estimated by the strain distribution around the core. 

Cut-offs |xz| + |yz| of 0.08, 0.05 and 0.03 for the n-octane core (Fig. 4) were used to measure 

major(minor) radii of 59(8), 68(9) and 80(11) Å, respectively. These major radii are longer than from the 

potential energy estimate, whereas the minor radii are comparable (i.e. strain cut-offs for the core 

resulted in even greater anisotropy). The major radii, which were measured along the crystallographic 

direction closest to the position of the long axis of the chains, also increased with chain length from n-

hexane (32 Å) to n-decane (57 Å).    

The energy of a dislocation Edislocation consists of two parts, the energy of the core Ecore and the 

surrounding elastic regions Eelastic. Given equation (4), the energy of the core can be determined using 

equation (5), where PEperfect and PEdisloc are the potential energies averaged over the steady-state portion 

of the simulation for the perfect lattice and the simulated cell after dislocating, respectively, m is the 

thickness of the simulation cell and Eelastic is approximated for all the molecules outside of the core 
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(Table 1). These values follow the approximate relationship Ecore = Gb2/10 (SI Fig. S2) indicating that 

elasticity is replaced by plastic deformations if elastic strain exceeds some threshold, c  0.05 (SI Fig. 

S3). In 1951, Frank had already estimated c ~ 0.1.48  

𝐸core =
𝑃𝐸disloc − 𝑃𝐸perfect− 𝐸elastic

𝑚
  (5) 

In n-hexane, n-octane, and n-decane, dislocation pairs with b = ±2[001] bifurcate to give four 

dislocations with b = ±1[001]. The energy of the latter are 1.5 – 2 times larger than that of cores initially 

set as b = ±1[001] (Table 1). Along with the complex distribution of residual displacements and potential 

energy (Fig. 5) this suggests the presence of additional interactions between these cores that preserve 

some of the extra energy associated with larger Burgers vectors.  

Table 1. Characteristics of screw dislocations in n-alkanes.  

n-Alkane 

Energy 

cut-off, 

3kBT (eV) 

Burgers 

vector,  b = 

1[001] (Å) 

Shear 

modulus, 

G (GPa) 

Minor radius, 

rminor (Å) 

Major radius, 

rmajor (Å) 
Ecore (eV/Å) 

Edouble core 

(eV/Å)a 

Hexane 0.053 8.5 5.0 8(±1) 32(±3) 0.24(±0.11) 0.36(±0.07) 

Octane 0.063 11.1 5.1 9(±2) 48(±7) 0.43(±0.09) 0.86(±0.05) 

Decane 0.11 13.6 5.7 10(±1) 57(±7) 0.71(±0.09) 1.12(±0.21) 

aEnergy of a single core after splitting a pair of dislocations with b = ±2[001] to four dislocations with b = 

±1[001]. The dislocation density in this case is doubled (7.0×14 m-2) compared to the case of b = ±1[001] 

(3.5×14 m-2). 

It is well known that due to high elastic stress some dislocation cores are hollow.49 Since molecules 

cannot escape a simulation with 3D periodic boundary conditions they may exhibit high mobility leading 

to quasi-liquid states in the core region. However, simulations show very low mobility of molecules even 

in the proximity of the dislocation line. The displacements of the centers of molecular masses with 

respect to the steady-state structure along x, y and z were ±0.38, 0.33 and 0.57 Å and ±0.24, 0.23 and 

0.33 Å in the hottest part of the core and perfect region, respectively. Therefore, overall, the molecules 

in the core wandered 1.5 times more than in the perfect lattice. The average core energy density 
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Ecore/(rminorrmajor) = 0.30 – 0.40 meV/Å3 is significantly lower than the heat of fusion 0.85 – 1.16 meV/Å3 

50 and not enough to melt the core. Instead, inside the hottest part of the core there were gauche (0.19 

meV/Å3) conformations among the terminal C-C-C-C bonds (Fig. 5F). In the remainder of the core, 

molecules exhibit changes in molecular orientation rather than conformation. If molecules are viewed as 

vectors defined by the terminal carbons, an azimuthal orientation angle () between the ab projection 

of that vector and b* and an angle of inclination () between the vector and c (Figs. 1A and 5C, D) can be 

defined. The simulations revealed that  and  decreased near the hottest part of the core as chains 

become more parallel to b and to b*.  
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Figure 5. Potential energy per molecule in eV for R/L (11̅0)[001] in n-octane following MD (Fig. 3E) with 

initial b = ±2[001] showing all four cores (A) and the yellow-boxed mother core (B) with b = ±1[001] 

highlighting the central “hot-spot” of high potential energy with the yellow arrow indicating the right-

handed sense. The following were plotted per molecule for the core in (B) to elucidate the structure: (C) 

the azimuth orientation angle in degrees with respect to b*, (D) inclination in degrees with respect to c, 

(E) the axial rotation of the molecule in degrees and (F) the average absolute value of the C-C-C-C 

dihedral angles in degrees. The values of the energy and angles for a perfect crystal region are denoted 

by the red arrow next to each scale bar. Details for the daughter core can be found in SI Fig. S5. 

 

Lastly, we define the axial angle () as the rotation of the best plane containing the carbon atoms in a 

single molecule (Figs. 1A and 5E). As mentioned above, it was proposed that slipping alkane chains 

should be displaced by successive lengths of two methylenes, until a Burgers vector is achieved.35,36,38 

This is expected for the zigzag packing of adjacent chains in these even n-alkanes. If displaced by odd 

numbers of methylenes, however, molecules can achieve interdigitation of zigzag chains by simply 

rotating 180° around their vector axis, thus flipping the orientation of the terminal C-C bonds relative to 

the perfect lattice (SI Fig. S4). The simulations performed here also reveal a variety of rotational values 

about the long molecular axis ( (Fig. 5E), indicating that the proposed two-methylene slip model is not 

as proscriptive as imagined in the early days of the screw dislocation concept since the molecules can 

rotate around their long axis to reduce the repulsive intermolecular interactions for out-of-phase, 

zigzagging slip events.  

Atomistic simulations revealed that [001] screw dislocations in n-hexane, n-octane, and n-decane 

form elongated cores in (110) slip planes. These structures are manifest in maps of molecular potential 

energy as well as the orientations of the molecules with respect to the undisturbed lattice. At the locus 

of the dislocation, conformational distortions also were imposed. Outside the core, molecules undergo 

only z-displacements in agreement with the elastic stress field. Annihilation of heterochiral screw 

dislocations along easy (110) slip planes, and the splitting of high energy dislocations with exaggerated 
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Burgers vectors were animated. It is reasonable to suggest that motion on the (110) plane was the most 

facile owing to smaller energies associated with “molecular slip” along the long axes of the alkanes, a 

direct consequence of the alkane packing. Given the increasing demand for new tableted 

pharmaceuticals and crystalline organic electronic components, a first principles illustration of the 

structures, energies, and dynamics of dislocations presented herein is a first step to strategies for 

avoiding material failures that arise in plastic deformation.  

 

Computational Methods: Optimizations and molecular dynamics (MD) employed the General Amber 

Force Field,47 with a few n-octane dislocated structures simulated with the Condensed-phase Optimized 

Molecular Potentials for Atomistic Simulation Studies Force Field (COMPASS),51 without any atomic 

charges to model the inter- and intra-molecular interactions at a range of finite temperatures relative to 

the calculated melting points to facilitate slip and traverse the energy landscape. All simulations were 

performed under periodic boundary conditions (PBCs) in the NPT ensemble for 1 ns with 1 fs time step 

and the LAMMPS code52 without any molecular restraints.  
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