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Abstract 

The structures formed by mixtures of dissimilarly shaped nanoscale objects can 

significantly enhance our ability to produce nanoscale architectures. However, 

understanding their formation is a complex problem due to the interplay of geometric 

effects (entropy) and energetic interactions at the nanoscale.  Spheres and rods are perhaps 

the most basic geometrical shapes, and serve as convenient models of such dissimilar 

objects. The ordered phases formed by each of these individual shapes have already been 

explored, however, when mixed, spheres and rods have demonstrated only limited 

structural organization to date. Here, we show using experiments and theory that the 

introduction of directional attractions between rod ends and isotropically interacting 

spherical nanoparticles (NPs) through DNA base pairing, leads to the formation of ordered 

three dimensional (3D) lattices. The spheres and rods arrange themselves in a complex 

alternating manner, where the spheres can form either a face-centered cubic (FCC) or 

hexagonal close-packed (HCP) lattice, or a disordered phase, as observed by in-situ x-ray 
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scattering. Increasing NP diameter at fixed rod length yields an initial transition from a 

disordered phase to the HCP crystal, energetically stabilized by rod-rod attraction across 

alternating crystal layers, as revealed by theory. In the limit of large NPs, the FCC 

structure is instead stabilized over the HCP by rod entropy. We, therefore, propose that 

directionally specific attractions in mixtures of anisotropic and isotropic objects offer 

insight into unexplored self-assembly behavior of non-complementary shaped particles. 

 

Keywords: Anisotropic colloids, self assembly, DNA nanotechnology, colloidal crystals, 

polymorphism, nanoparticles 

 

Understanding and manipulating the self-assembly of nanoscale objects is important for creating 

materials that exploit the collective properties of the resulting superstructures, with applications 

in electronics, optics, and catalysis;1-3 such properties can be dramatically different from those of 

the building blocks.4-6 Over the past decades, many classes of nanoparticle (NP) superlattices 

have been assembled using various strategies, e.g., biomolecular recognition, electrostatic forces 

and entropic effects.7-16 Recent studies have shown that incorporation of complex shapes or 

anisotropic interactions can tremendously enrich the phase behavior of the resulting structures.17-

21 However, practical limitations in particle engineering often hinder the translation of those 

ideas into experimental realization. Another strategy to broaden the design space relies on 

mixing different particles together. Most work to date has used mixtures of differently sized 

spherical NPs,22-36 where the resulting structures are determined primarily by maximum packing 

considerations. Even greater organizational complexity might be achieved for mixtures of 

differently shaped objects.37 However, at present, such increased structural diversity is also 

accompanied by phase separation and the formation of disordered states, as has been shown for 

mixtures of perhaps the simplest shapes: rods and spheres.38-40 Experiments have revealed that 

rods and spherical particles can assemble into layered structures by maximizing their packing 

density even in the absence of interparticle interactions. While these previous findings were the 

result of either entropic or non-directional attraction effects, here we reconsider sphere–rod 

systems by including basic directional attractions, commensurate with a rod geometry, provided 

by the rod ends.   
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We show here that such a simple modification stabilizes phases not previously observed for 

mixtures of rods and spheres: close-packed organizations of NPs, either hexagonal close-packed 

(HCP) or face-centered cubic (FCC) lattices, both accompanied by a complex organization of 

rods. These findings demonstrate a way to engineer binary lattices of shaped blocks via 

selectively chosen anisotropic attractive interactions. Furthermore, the mechanism shown here 

for the formation of the FCC and HCP lattices might shed light on the long-debated question 

about the appearance of these phases.41-42 While colloidal systems are often considered the 

simplest, yet insightful, models of their atomic counterparts, our study demonstrates that the 

addition of anisotropic interactions might be crucial for mimicking the behavior of atomic 

organizations more closely. Our experimental system was constructed from spherical NPs coated 

with single stranded DNA (ssDNA) and rigid DNA bundles capped with ssDNA, the latter 

serving as rods with customizable end interactions. Small angle x-ray scattering (SAXS) was 

used as the in-situ method for probing the structural behavior of the assembled systems. In 

parallel, computational studies, which employed molecular dynamics (MD) simulations with 

realistic parameters, complemented by a simple mean-field theory, reveal the mechanism of 

crystal formation and the range of each polymorph’s stability.  

 

Results and Discussion 
 

DNA-based approaches were recently demonstrated as a powerful platform to assemble 

nanoparticle clusters and lattices.7, 43-46 Besides the modularity of these assembly methods, they 

also permit the exploration of fundamental physical phenomena in the organization of matter, 

such as the interplay between entropic and enthalpic effects, and the role of directional forces 

and other relevant physical factors.47 For example, the profound effect of the DNA “core-shell” 

design has been demonstrated for DNA-coated spherical nanoparticles, and both the entropic and 

enthalpic contributions to the formation of ordered phases have been revealed.7, 48-49 We note that 

when shells are composed of a large number of DNA chains, the interparticle interactions are 

isotropic. In such a case, the binary phase diagram is mainly determined by particle size ratios 

and stoichiometry,11, 49-51 although collective polymeric effects can lead to peculiar assembly 

pathways with an anisotropic character.52 However, in the case we present here, we show how a 

small number of rods hybridized on a particle can imbue the shell with a discrete, anisotropic 
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character. Such shells can provide directional interparticle interactions, and may affect the phase 

diagram drastically.  This method of inducing anisotropic bindings at the nanoscale stands in 

contrast to more conventional routes, which are typically realized via particle shape. For example, 

it was recently demonstrated that nanoscale cubes and octahedra coated with DNA could enforce 

organizations of spherical particles via face-directed interactions53 into lattices whose symmetry 

is dominated by the geometry of the anisotropically shaped blocks. Alternatively, shaped DNA 

constructs54 can link particles through vertex-NP bindings in topologically diverse ways resulting 

in a variety of lattices55-56 with structures determined by the geometry of the DNA constructs, 

rather than the particle shapes.  Molecular level effects, such as collective chain interactions, 

were shown to induce a linear arrangement of alternating rods and spheres.52 The diversity in 

structural organizations of spheres linked via different motifs is far from being completely 

understood.  In this work, we address this challenge by focusing on a rod-sphere system with 

simple directional interactions provided by the rods. We show that phase separation, common for 

such binary mixtures, can be overcome in favor of self-assembly. Moreover, we illustrate 

assembly into complex lattices, in which the rods are organically incorporated into phases native 

for isotropic spherical objects. Our study reveals that the formation of these specific lattices is 

determined by the interplay of entropic and anisotropic enthalpic effects, which is controlled by 

the ratio of the particle diameter and rod length, stoichiometry, and energetics of rod-rod end 

group interactions. 

 

Figure 1 illustrates the experimental system comprised of spherical gold NPs coated with ssDNA 

which is terminated with recognition motifs, and the DNA rods, each formed by a bundle of six 

double helices (6HB, see Figure S1 for detailed design) that contains, at its termini, 6 ssDNA 

strands complementary to the ssDNA on the NPs. We grafted gold NPs (core diameters, t, are 6.0 

nm and 8.7 nm) through the thiol-terminus of ssDNA. On the NP surface these ssDNA strands 

consist of a 6-nucleotide (nt) recognition part that can hybridize with its complementary 

sequence on the 6HB, and a flexible spacer (Sn) of different lengths (n=6, 14, 24, 29, 44-nt), 

which functions to separate the recognition part from the NP surface, and to adjust the effective 

NP diameter; these systems are referred to Pt-Sn, where t is the particle core diameter in 

nanometers and n is the number of nucleotides in the spacer. Thus, the NPs, evenly grafted with 

DNA, can be considered to be isotropically interacting objects, while the attachment of the rods 
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to the NPs can occur only at the rods’ termini. We assembled the 21 nm long 6HB DNA 

structure from 20 DNA strands (see Methods) through a thermal annealing process, and 

subsequently verified it by native polyacrylamide gel electrophoresis (PAGE, see Figure S2). 

Such a design yields objects with extremely high persistence lengths, approximately 1µm,57-61 

and therefore, a 6HB structure can be assumed to be a rigid rod in the context of our studies. The 

assembly of the experimental systems was conducted in a buffer environment containing 12.5 

mM of Mg2+, which is required for the stabilization of the 6HB structure. We stress that the 

interaction between rods and NPs is highly specific since it is encoded by the complementarity of 

the corresponding DNA sequences. In addition to the strong NP-rod base pairing interactions, a 

weak non-specific interaction also exists between the ends of two rods due to the divalent ion 

(Mg2+) mediated attractions of polyelectrolytic ssDNA chains62-66 (see Supplementary Figure S3). 

Experimentally, NP-rod assemblies were investigated by in-situ synchrotron-based SAXS7 

(beamline X9, NSLS, BNL, see Methods) to probe the effects of NP size and the stoichiometric 

ratio between the 6HB rods and the DNA-coated NPs. The systems were assembled through a 

thermal annealing process to achieve an equilibrium state prior to the scattering studies (see 

Methods). 

 

In our molecular dynamics simulations, we considered a dilute mixture of rods and spheres with 

volume fractions below 0.025. To mimic experimental conditions discussed above, we assigned 

	

Figure 1. Schematic drawing of the rod-sphere system: rods, formed from a six-helix 
DNA bundle (6HB), mediate interactions of spherical DNA coated gold nanoparticles. 
Gold nanoparticles (AuNPs) were functionalized with thiol-ssDNA composed of a flexible 
spacer (blue) and a recognition sequence (red) that can hybridize with its complementary 
counterpart (red) on the 6HB rod. DNA-capped AuNPs can be assembled into different 
structural arrangements by adjusting the length of the flexible spacer and the 6HB/AuNP size 
ratio. 
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attractive interactions between rod ends and sphere surfaces, and between different rod ends. 

Inspired by experiments, we assumed the former interaction to be twice as favorable as the latter, 

such that the non-specific rod-rod interaction was weaker than the DNA-encoded rod-sphere 

interaction. Theoretical arguments reveal that the ratio between these two interactions does not 

qualitatively affect our results, it merely changes the quantitative temperature ranges over which 

each structure is formed. Directionality in rod-rod and rod-NP interactions was imposed by 

surrounding the ends of the rods with a repulsive “shell” which prevented the ends from 

energetically interacting simultaneously with multiple other ends, and with NP surfaces at 

oblique angles (cf. Methods).  We systematically varied the diameter of the spheres, while 

holding the rod length fixed (lrod = 6!!!, where !!! is the rod diameter which defines the smallest 

characteristic length scale in the system).    

 

We first studied the smaller NP (6.0 nm core diameter) with a flexible ssDNA spacer (n=29) as a 

representative example (System P6.0-S29); the effective NP diameter (Deff, NP core diameter plus 

the spacer shell) in this case is estimated9 to be about 22.6 nm (see Supplementary Material). The 

mixtures were prepared at different nominal rod:NP stoichiometric ratios of 1:10, 1:5, 1:2, 1:1, 

2:1, 5:1, and 10:1 and were annealed (cf. Methods). The systems formed macroscale aggregates 

(0.1-0.3 mm), visible to the naked eye, and precipitated.  We conducted in-situ SAXS 

experiments, and the 2D scattering pattern was converted into a 1D structure factor, S(q), by 

azimuthal integration and dividing by the NP form factor. We then normalized the peak positions 

based on the q value of the first ring (where q is the wave vector). Our SAXS measurements 

revealed only disordered aggregates for ratios below 5:1, as indicated by the broad and ill-

defined structure factors (Figure 2a). This aggregation behavior at low ratios indicates that both 

ends of the 6HB rods connect to the NPs with high efficiency,9 thus, particles are able to link as 

many rods as necessary to achieve an aggregated, although disordered, state. Obviously, this can 

occur only if the ratio within the aggregate differs significantly from the nominal one. Indeed, we 

observed that the solution remained pink-colored during aggregation at low ratios, which 

confirmed that only a fraction of particles participated in the aggregation. In contrast, at higher 

ratios the solution became colorless, which is indicative of all NPs being consumed in the NP-

rod hybridization reaction. In conjunction with this, when the ratio was increased to 5:1 and 

higher, a well-ordered structure emerged, as indicated by an increased number of diffraction 
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peaks and their narrow widths. S(q) remained practically unchanged even when the ratio was 

increased to 10:1, indicating the structural stability over a broad range of stoichiometric ratios.  

 

Figure 2b depicts a typical 2D SAXS pattern (inset) and the corresponding S(q) for P6.0-S29 at a 

stoichiometric ratio of 6:1. S(q) reveals a remarkable degree of long-range order, as manifested 

by more than 20 orders of resolution-limited Bragg’s peaks. Analysis of the peak positions yields 

a ratio ԛn/q1 ≈!! 1: 9/8!!: 41/32!!: ! 17/8!!: 3!!: 113/32%!!… (q1=0.0192 Å-1), which is in 

excellent agreement with the HCP lattice (inset; blue curve in Figure 2b is the scattering from the 

HCP structure).  We also note that the relative peak intensities also are in good agreement with 

expectations. The experimental center-to-center nearest-neighbor interparticle distance d 

(d=4!/ 3!!q1) ≈!! 38 nm was obtained based on the first peak position. This value is smaller than 

the sum of the NP effective diameter and rod length, thus suggesting that the hybridization of 

rods between NPs occurs off-axis, which is highly possible due to the low density of rods on the 

NP surface. In this case rod orientation and its displacement towards a particle periphery 

contribute to the established interparticle distance. We note that the observed value is close to the 

estimations (see supporting material) based on the systems with double stranded linking 

motifs,67,68 indicating that molecular alignment is an important factor determining NP separations. 
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Figure 2. SAXS patterns from the analyzed systems. a, Ratio-dependence of SAXS patterns 
from the system P6.0-S29. b, 2D (inset) and integrated 1D patterns for the system P6.0-S29 at a 
6HB:NP ratio of 6:1. The result shows a HCP crystal structure. The calculated scattering profile 
for HCP is shown in blue.  c, SAXS patterns of annealed systems with different effective particle 
sizes at a 6HB:NP ratio of 10:1. As the effective particle size was increased, the studied systems 
showed a phase transition from a disordered state to a HCP crystal, then from a HCP to a FCC 
crystal. d, 2D (inset) and integrated 1D patterns for the system P6.0-S44 (effective particle size: 
27.4 nm) at a 6HB:NP ratio of 10:1. The result shows a FCC crystal structure.  The calculated 
scattering profile for FCC is shown in violet. The calculated SAXS patterns were generated 
using VESTA (http://jp-minerals.org/vesta/en) and GDIS (http://gdis.sourceforge.net/).  
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We further examined the impact of the effective particle size on the crystalline phase diagram by 

varying either the length of the NP-capping DNA or the particle core size. Figure 2c summarizes 

the structural changes observed for the systems P6.0-Sn at a 6HB:AuNP stoichiometric ratio of 

10:1. It can be seen that when the effective particle diameters are small, the systems (P6.0-S6, 

P6.0-S14, and P6.0-S24) are in a disordered phase, as evidenced by a limited number of broad SAXS 

peaks. However, when the effective particle size increases to Deff  ≈!! 22.6 nm (P6.0-S29), the 

system exhibits a highly ordered HCP crystal phase as confirmed by the excellent agreement 

between the experimental data and the theoretical predication. With further increase in the 

particle size to Deff  ≈!! 27.4 nm, the rod-sphere system (P6.0-S44) still shows a well-defined 

crystalline phase, however, its SAXS diffraction pattern is clearly different from that of the 

system P6.0-S29.  Analysis of the diffraction peaks reveals that both the position ratios (qn /q1 ≈!! 1: 

4/3!! : 8/3!! :! 11/3!! : 2 … (q1=0.0177 Å-1)) and the relative peak intensities index to a face-

centered cubic (FCC) structure (Figure 2d). The center-to-center nearest neighbor interparticle 

distance d, as calculated using the q value of the first peak (d=! 6!!/q1), is approximately 43 nm, 

which agrees well with the estimated interparticle distance (≈!!42.5 nm). The systems containing 

NPs with a core diameter of 8.7 nm also formed a FCC phase at larger effective particle sizes 

(see Supplementary Material). We summarize in Figure 3 the experimentally observed phase 

diagram, where the effective NP size (core and DNA shell) is plotted as a function of the 

nominal stoichiometric ratio of the 6HB to the NP. With increasing effective NP size, a transition 

from disorder to HCP to FCC occurs, however, these transitions only take place if the 

stoichiometric ratio of linkers to NPs is larger than approximately 5:1. The FCC phase was 

observed for particles with larger effective diameters, either with 6 nm or 8.7 nm gold cores, 

while the HCP was present only for smaller NPs. These observations clearly indicate that the 

effective particle size has a strong influence on the phase behavior of NP-rod assemblies, 

possibly through the particle to rod size ratio. To further elucidate this question we performed a 

computational investigation.   
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Figure 3.  Experimental phase diagram. Summary of the experimentally observed phase 
behavior of NP assemblies mediated by 6HB rod linkers for various effective particle sizes (core 
and DNA shell) at different nominal stoichiometric ratios of linkers to NPs. The sizes of the gold 
cores are as shown.   
 

The formation of HCP and FCC organizations of spherical particles interacting via directionally 

attractive rods is outright surprising in light of previous experiments and theory which suggest 

that these systems should only form lamellae, driven primarily by the dominance of rod packing. 

Moreover, while the formation of a FCC lattice could perhaps be rationalized based on the 

general behavior of hard spheres (and also spheres under attractive conditions), the formation of 

a stable HCP phase is altogether unexpected. We conducted detailed simulations to understand 

the mechanism leading to the formation of these HCP lattices (Figure 4). In MD simulations of 

the smallest NPs (core diameter, !" = 4.0! = 16!!nm) we observed a peak in the radial 

distribution function, g(r), at ! = #$%& + () !! while long-range order was suppressed. Consistent 

with experiments which yield amorphous aggregates, spheres in this system were found paired 

into dumbbells, owing to rod end-NP attractions, but no significant higher order structure was 

found. However, when !" = 6.95!!! we observed peaks in the radial distribution function 

consistent with the formation of a hexagonal close-packed (HCP) crystal.  Specifically, we point 

out the characteristic peaks at r/(lrod + σc) = √(11/3) ≈ 1.91 and r/(lrod + σc) = 2. While the latter 
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peak is always present in a close-packed crystal, the former is only present when alternating 

(next-nearest neighbor, not nearest neighbor) stacking planes of the crystal repeat (Figure 4), i.e., 

the HCP structure. For larger spheres, when σc = 10.0σ, the peak at √(11/3) was always 

suppressed and the system instead adopted the FCC geometry where alternating planes are offset 

by 60°. Icosahedra were also commonly observed in these systems, but have a similar offset 

between planes. 

 

We only observed HCP crystals in our MD simulations over a narrow range of size ratios that 

yielded crystals with an interplanar spacing commensurate with the size of a pair of rods. The 

interplanar distance between sphere surfaces for close-packed rod-mediated colloidal crystals is 

given by ! = 2 $
% &' + )*+, -&' !!

. When 2 < D/ lrod ≲!! 2.25, which 

occurs when 0.6 < %&'/)*+, ≲ 1!! , the free ends of two rods attached to the surfaces of NPs 

in next-nearest neighbor stacking planes which face each other are capable of energetically 

interacting when these planes eclipse each other, i.e., in the HCP configuration.  However, in the 

FCC stacking pattern, such next-nearest plane energetic interactions are not possible because the 

planes are staggered.  Therefore, the HCP crystal is strongly stabilized over the FCC by 

directional energetic interactions.  This behavior was only observed when the rods’ interaction 

with the colloids was directionally specific; that is, rods and spheres could only energetically 

interact when they approached each other “head on” as occurs when their complementary strands 

hybridize, whereas oblique interactions were not allowed. In contrast, only amorphous 

aggregates formed when the rods were allowed to interact with other species in a spherically 

symmetric fashion. This was tested by removing the repulsive “shell” around the rod ends shown 

in Figure 4, which is responsible for imposing such directionality to mimic the nature of the 

DNA-based interactions. When the interplanar surface separation is less that 2lrod 

(!"/$%&' < 0.6!!), both crystals’ interiors are highly frustrated environments for the rods attached 

to the NP surfaces, due to steric rod-rod overlap, thus making both crystals difficult to form. 

While this accounts for the amorphous structure observed with small NPs, it does not explain 

why the FCC crystal is apparently more stable when the interplanar distance is increased, i.e., for 

larger NPs.  To understand this result we turn to a simple model. 
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We posit that the primary difference between the different polymorphs is the interference that 

exists between rods attached to the surfaces of NPs in next-nearest stacking planes. Differences 

at this level are expected to be more significant than nearest-neighbor interactions since the 

	

Figure 4: MD results for the pair correlation function, g(r), between a rod and NPs at T* = 
0.12, and corresponding simulation snapshots with increasing NP diameter.  (See 
Supplementary Material for more detail.) The cartoon at the right depicts a NP (yellow) 
surrounded by rods whose ends (magenta) interact both with other ends and the NP surface.  
The repulsive cyan “shell” around the ends imposes directionality by preventing other ends 
from interacting obliquely and preferentially orients the rod normal to the surface of the 
colloid.  The shells otherwise do not interact with the system and so are neglected for visual 
clarity in the rest of this figure.  (Top Row) For small NPs (σc = 4σ), only amorphous 
aggregates were observed; the g(r) illustrates no long-range ordering and only minimal short-
range order below r /(σc + lrod) = 2.  (Middle Row) For intermediately sized colloids (σc = 
6.95σ) the system begins to display HCP ordering where next-nearest stacking layers eclipse 
each other, as evidenced by the emerging second peak in g(r) at r /(σc + lrod)  = √(11/3) ≈ 
1.91. The interplanar spacing in which rods adsorbed on the NP surfaces can fluctuate is 
graphically depicted by the blue cylindrical “channels” in the cartoon.  This peak emerges as a 
consequence of the NPs at opposite ends of neighboring channels, which only appear as such 
in the HCP configuration. (Bottom Row) For large colloids (σc = 10σ) this peak is absent and 
the HCP character is entirely suppressed.  Instead, the system exclusively adopts 
configurations where these planes are staggered (both red and blue channels between the 
layers) resulting in FCC structures or icosahedral intermediates. 
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coordination number in close-packed lattices is identical, with only a small difference in relative 

orientation of the NPs in the nearest-neighbor shell. In the FCC crystal, since alternating planes 

are staggered (ABC pattern), rods adhered to the surface of NPs in these planes can only interact 

obliquely, whereas in the HCP, because the planes are eclipsed (ABAB pattern), a pair of rods 

can interact with each other directly across alternating layers, i.e., through the blue channels 

indicated in Figure 4. Consequently, we focus exclusively on the behavior of these rods in 

channels, which provide the different polymorphs. If we reduce this to a one-dimensional model, 

considering a lattice onto which a pair of rods is placed, we can contrast the two crystals (see 

Methods). Using statistical mechanics, we calculated the free energy of this one-dimensional 

“toy” model by accounting for rod end-rod end attractions, which are possible only in the HCP 

crystal, and the fact that the FCC provides essentially twice the volume for the rods to exist in 

(both red and blue channels in Figure 4 for the FCC, whereas the HCP has only blue ones). 

Representative results (Figure 5) show precisely the same transitions seen in the simulations, i.e., 

from an amorphous state to a HCP crystal, then from HCP to FCC as the sphere diameter is 

increased (cf. Figure 3). For very small colloid diameters the distance between the sphere faces 

across alternating layers is smaller than twice the rod length. The HCP crystal is thus strongly 

disfavored due to rod-rod overlap. However, in this regime the FCC crystal is also a highly 

crowded environment for the rods, suggesting that an amorphous state is more favorable than 

either crystal. For larger colloids, when D ≈ 2lrod, the entropy of a pair of rods in the HCP state is 

small, having essentially only one possible configuration. Despite this low entropy state, the 

short-ranged attractive interactions between the ends of the rods, which extend across to the 

alternating layers, energetically stabilize the HCP crystal. However, rod entropy quickly 

destabilizes this state in favor of the FCC for larger NPs. Because this crystal offers the rods 

twice as many channels, the translational entropy of these rods is greatly increased over the case 

where they share the same channel (HCP). Without a significant energetic incentive, the FCC 

provides a lower free energy configuration for the rods than its HCP counterpart. This model 

explains why the FCC crystal is definitively favored at larger colloid diameters (D >> 2lrod). 

Previous work on hard sphere colloidal crystals has revealed a marginal entropic favorability of 

the FCC over the HCP by ~ 0.001 kBT per sphere. However, this difference does not strongly 

favor one polymorph over the other, and consequently, both the HCP and FCC are often formed 

from crystallizing suspensions of colloids.69-70 In contrast, in the framework of this simple model, 
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the inclusion of these rods at T* = 0.10 results in a free energy difference of ≈!! 0.15ε per pair of 

rods in favor of the FCC for large colloids, while near D ≈ 2lrod the HCP is favored by ≈!! 0.30ε 

per pair of rods. In simulations, we observed that most rods condensed on the surface of the 

spheres at this temperature, and a stoichiometry of rods to colloids of 10:1 suggests a difference 

as high as approximately 0.75ε per sphere in favor of the FCC for large colloids due to rod 

entropy, and approximately 1.5ε in favor of the HCP at intermediate diameters due to rod energy. 

Of course, some rods are used to bind the lattices together and so do not participate in producing 

this free energy difference, however, even a single pair of rods participating in interplanar 

bonding provides a difference three orders of magnitude in excess of that inherent to close-

packed lattices. 

 

Conclusions 
 

In summary, the inclusion of directional attractions in the canonical example of a simple rod-

colloid mixture results in intriguing phase behavior. While both athermal and directionally 

isotropically interacting mixtures yield only lamellar structures, where rod packing dominates the 

behavior, these new cases yield disordered, hexagonal closed packed, and face centered cubic 

crystals. A combination of theory, simulation, and experiment suggests that these different 

structures represent a subtle balance between the energy and entropy of the rods in the different 

possible self-assembled structures. We postulate that the introduction of even more complicated 

shapes should lead to the rational self-assembly of more exotic lattices. 
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Figure 5: (Top) Free energy of the rod and sphere lattice model at T* = 0.10 for a fixed rod length.  
The interplanar spacing increases with NP diameter, σc, allowing more rods to exist between the 
next-nearest stacking layers. The FCC configuration affords the rods twice as many “channels” 
(both red and blue, cf. Figure 4) between the layers and is entropically biased over the HCP 
polymorph when the number of rods that can be accommodated between these layers is large.   
However, when approximately two rods fit between the layers, the end-end attractions between 
rods which are still attached to the surfaces of the NPs (permissible only in the HCP configuration) 
energetically stabilize this crystal. When these rods overlap because the spacing is less than two 
rods, the model is no longer predictive for the HCP, but we anticipate both crystals will be 
disfavored relative to an amorphous state because the rods will experience an increasingly crowded 
environment in both polymorphs. (Bottom) Experimental results at similar conditions.  We observe 
a transition from amorphous aggregates, to HCP, to FCC crystals, just as the model nearly 
quantitatively predicts. Because the lattice model does not account for the softness of the NP 
spheres or fluctuations in the binding of the rod to the NP surface, we estimate an upper and lower 
bound for the number of interplanar rods by fixing the lattice constant at σc + 21 nm (which 
corresponds to the full hybridization of the ssDNA on the ends of the rods and NP surface) and use 
an effective rod length which fluctuates between full hydridization of the NP surface (lrod = 21nm + 
1.98nm) and none (lrod = 21nm + 2*1.98nm).  We report the experimental behavior above at the 
average between these two bounds. 
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Methods 

 
Molecular dynamics (MD) simulations 

 

Model: We model the DNA linkers as rigid rods composed of six tangent spheres, with a radial 

“shell” (S) around the end beads (E).  Each bead has a diameter, σ = 1 = 4.00 nm, which is the 

length scale we use to non-dimensionalize all units.  The length of the rod is therefore lrod = 6σ 

= 24.00 nm which closely mimics experiments. These beads are treated as a single rigid body, 

where the ends thermally interact with each other and with the DNA-coated nanoparticle colloids 

(C). These interactions are a sum of a Yukawa-like potential, which provides as attractive tail, 

and the Weeks-Chandler-Andersen (WCA) potential, which provides a short-ranged repulsion (cf. 

Figures 1 and 2). 

 

Utot (r) =Uwca (r)+Uyuk (r)
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The shift, Δij, between particles i and j is defined as Δij = (σi + σj)/2-1 such that the WCA 

potential provides a repulsive wall with the same slope regardless of the individual particle 

diameters. We chose κec = κee = 3.00σ-1, and εce = 2.74 and εee = 1.47 to mimic a short-

ranged attraction with a minimum in the potential well of  -2.00 and εmin = -1.00 for the rod end 

- colloid and rod end - rod end interaction, respectively.  The magnitude of εmin serves as the 

energy scale for our simulations, which we simply refer to as ε. The cutoff for the Yukawa tail 
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was rcut,ce = 3.00σ, rcut,ee = 2.50σ. DNA-coated nanoparticles are coarse-grained to a single 

sphere with a diameter, σc, whose interaction with all other spheres, besides end monomers, is 

exclusively given by the WCA potential.  All other interactions are purely repulsive between all 

species, also given by the WCA potential above.  The only exceptions to this are interactions 

involving shell particles.  The seven spheres, equally spaced around each of the ends on each rod 

(cf. Figure 3), provide the rods with effectively directional interactions.  These spheres have 

WCA repulsion with other end beads and the DNA-nanoparticles, but otherwise have no 

interaction with any other species.  Thus, these shell particles reduce the propensity of rods to 

form pairs aligned parallel to each other, and inhibit the rod from laying perpendicular to the 

surface of the DNA nanoparticle when interacting with the surface.  Both of these attributes are 

physically motivated by the nature of the ssDNA interactions which, because of the high energy 

cost of bending the hybridized ssDNA, are expected to have the same effects.  Indeed, without 

these “directional” interactions, we did not observe the same qualitative phenomena we report on 

here.    

 

We used the Highly-Optimized Object-Oriented Molecular Dynamics (HOOMD-blue) engine to 

perform our molecular dynamics simulations on graphics processing units (GPUs).  We 

performed canonical (NVT) simulations where the temperature, volume and number of particles 

are constant during the simulation.  Temperature was controlled with a Nose-Hoover thermostat 

with damping constant of τ  = 1.00, and timestep between 0.001 and 0.005(mσ2ε -1)1/2 

depending on system size, where m is the mass of a particle.  This was set to m = 1.00 for all 

species in the system. We simulated 125 DNA-coated spherical nanoparticles and 1,250 rods 

(10:1 stoichiometry) in cubic simulation boxes whose length, L, depended on the colloid 

diameter.  For σc = 4.00σ, 6.95σ, 10.00σ (16.00 nm, 27.80 nm, 40.00 nm, see attached table) 

we employed L = 63.30σ, 110.00σ, 158.00σ.  This corresponds to a sphere volume fraction, 

ϕs = πNcσc
3/(6L3), and rod volume fraction, ϕr = πNrσ

2lrod/(4L3), were always less than 0.025.  

Systems were initialized in a large box, then compressed to their final size at a reduced 

temperature T* = kBT/ε = 1.00 at which temperature they generally remained unstructured and 

isotropic.  After an equilibration period of 5×106 timesteps, they were quenched to the desired T* 

and annealed for at least 2x108 timesteps, after which no qualitative changes were observed.   We 
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report results for T* = 0.12, however, we considered a range of 0.10 ≤ T* ≤ 0.20 over which we 

observed crystallization in this time frame and we found these results to be representative. 

 

Theory 

 

We posit that the primary difference a rod inside a close-packed crystal will sense between the 

polymorphs is the interference that exists between a rod attached to the surface of a sphere in one 

plane and a rod attached to a sphere the next-nearest stacking plane.  In the FCC crystal, since 

these planes are staggered (ABC pattern), rods on spheres in these planes only interact obliquely 

since they exist in different “channels” as depicted in Figure 4 (red and blue), whereas in the 

HCP, because the planes are eclipsed (ABAB pattern), a pair of rods often shares the same (blue) 

interplanar channel.  If we reduce this to a one-dimensional model, considering a lattice onto 

which two rods are placed, we can contrast the two crystals. 

 

We consider there to be D lattice sites in the channel that exists between the surfaces of spheres 

in every other plane, where each site has length σ, such that a single bead from a rod fits on a 

site.  From geometry we have (when rounded down to the nearest integer): 

 

D = 2 2
3
σ c + lrod( )−σ c

"

#
"

$

%
$  

 

This lattice is non-periodic and species cannot overlap the boundaries.  In the FCC crystal, there 

are D – lrod + 1 unique positions for a single rod in a channel.  If we consider a pair of rods, each 

in a different channel, then the total number of unique arrangements is: 

 

Wfcc = (D− lrod +1)
2  

 

In contrast, in the HCP crystal, pairs of rods share the same channel.  If rods cannot overlap then 

the total number of unique configurations can be counted by placing the first rod at every 

possible location starting from one end of the lattice, going to half way between the planes, and 
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counting the total number of locations to place the second rod at every position for the first.  By 

only placing the first rod systematically in the first half of the lattice, we avoid double counting 

configurations that would not be unique if we account for the rods being indistinguishable in the 

HCP crystal.  In the FCC we assume the distinguishability of the 2 channels confers 

distinguishability of the rods each contains since they are assumed to remain fixed in each one’s 

original channel.  However, relaxation of this assumption contributes a 1/2! term to the 

expression for Wfcc  which ultimately makes no qualitative changes to our results.  If the number 

of lattice sites between the end of the first rod and the surface of the sphere is x, then it can be 

shown that the total number of configurations is: 

 

Whcp = (D− 2lrod − x +1)+ D−3lrod + 2
x=lrod

(D−lrod )/2

∑
x=0

min(D−2lrod ,lrod−1)

∑  

 

where the second sum only enters when D ≥ 3lrod. Note that the second sum also has no 

dependence on x, which is a consequence of how we formulate the counting of each state.  It 

results because the second sum enters when the second rod may now come between the first rod 

and the edge of the lattice (sphere’s surface) which is only possible when D ≥ 3lrod.  The first 

sum depends on x because it effectively reduces the number of locations available for the second 

rod’s center of mass when x is sufficiently small to prevent the second rod from coming between 

the first rod and the sphere’s surface.  However, when x is large enough, it no longer affects the 

number of positions the second rod can exist in.  Consequently, these sums may be compactly 

expressed as the sum of two products where the second only enters when D ≥ 3lrod. 

 

Whcp =
1
2
1+ψ( ) 2(D− 2lrod +1)−ψ( )+ D− lrod

2
− lrod +1

"

#
$

%

&
'(D−3lrod + 2)  

 

where ψ = min(D-2lrod, lrod -1).  Note that we implicitly require ψ > 0 which is simply a formal 

requirement that lrod > 1 and that D ≥ 2lrod.  When the second condition is violated the lattice is 

too small to accommodate two rods in the same channel simultaneously, and the model’s 

behavior on the HCP lattice is undefined.   
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For each configuration, we can compute the total interaction energy using the potentials we 

employed in the MD simulations between different rod ends, and between the rod ends and the 

spheres.  From this we obtain a Boltzmann factor which defines the un-normalized probability of 

that state.  By summing over all W states we can normalize this and obtain the energy and 

entropy according to: 

 

p̂i =
exp −Ui /T( )

exp −Ui /T( )
i=0

W

∑

Utot = p̂i
i=0

W

∑ Ui

S = − p̂i ln
i=0

W

∑ p̂i

 

 

Therefore, the free energy, F, which is minimized at thermodynamic equilibrium in the canonical 

(NVT) ensemble, is easily obtained where F = U - TS. 
 

Design, Synthesis and Purification of DNA 

 

The sequences of DNA strands were designed using the program SEQUIN71. All DNA strands 

used in this study were purchased from Integrated DNA Technologies, Inc. (www.idtdna.com), 

and purified using 10 % denaturing polyacrylamide gel electrophoresis. The concentrations of 

purified DNA strands were estimated by OD260. 

Denaturing Polyacrylamide Gel Electrophoresis 

 

The gels containing 10% acrylamide (19:1, acrylamide/bisacrylamide) and 8.3 M urea were run 

at 55 °C and 600 V (constant voltage) on a Hoefer SE 600 electrophoresis unit. The running 

buffer consists of 100 mM Tris-HCl (pH 8.3), 89 mM Boric acid, and 2 mM EDTA (TBE). The 
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sample buffer is composed of 10 mM NaOH, 1 mM EDTA, and trace amount of Bromophenol 

Blue and Xylene Cyanol FF tracking dye.  

Nondenaturing Polyacrylamide Gel Electrophoresis 

 

The gels containing 6% acrylamide (19:1, acrylamide/bisacrylamide) were run on a Hoefer SE-

600 gel electrophoresis unit at a constant voltage of 200V at room temperature. The running 

buffer consists of 40 mM Tris-HCl (pH 8.0), 20 mM acetate acid, 2 mM EDTA, and 12.5 mM 

magnesium acetate (1×TAE/Mg2+). Tracking dye containing 1×TAE/Mg2+, 50% glycerol, and 

0.02% each of Bromophenol Blue and Xylene Cyanol FF was added to the sample buffer. The 

gels were then stained with ethidium bromide and visualized with a Bio-Rad Universal Hood II 

gel imaging station. 

Preparation of DNA-gold NP conjugates 

 

The thiol-modified oligonucleotides were activated using tris [2-carboxyethyl] phosphine (TCEP) 

(100 : 1 molar ratio of TCEP: DNA) in water for 2 h, followed by purification using G-25 size 

exclusion columns (GE Healthcare) to remove small molecules. Then the thiolated 

oligonucleotides were added into the aqueous nanoparticle solution at a DNA/NP ratio of 100 : 1 

for 6 nm NPs, and 300 : 1 for 8.7 nm NPs. After 2h, the solution was brought to pH 7.4 of 1× 

phosphate buffered saline (PBS: 100mM NaCl, 10mM PB), and allowed to age for 2h. In the 

subsequent stepwise salt aging process, A salting solution containing 2M NaCl was gradually 

added to the colloid solution to reach a final NaCl concentration of 0.3 M (five steps with a 1h 

waiting period between each addition), and the solution was allowed to age for another 12h. To 

remove unbound DNA, the solution was centrifuged, and the supernatant was pipetted off. The 

DNA-gold nanoparticle conjugates were washed with 0.1M PBS buffer (0.1M NaCl, 10mM 

phosphate buffer) and recentrifuged for 4 times. Finally, the functionalized nanoparticles were 

resuspended in freshly prepared 0.1 M PBS buffer, and the concentration was estimated from the 

optical absorbance at ~520 nm.  

Self-assembly of DNA 6HB rods 
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The rods were formed by mixing a stoichiometric quantity of each DNA strand, as estimated by 

OD260, in a solution containing 40 mM Tris-HCl, pH 8.0, 20 mM acetic acid, 2.5 mM EDTA, 

and 12.5 mM magnesium acetate (TAE/Mg2+). The mixture was slowly cooled from 90 °C to 

room temperature over the course of 48 h in a ~2 L water bath insulated in a Styrofoam box. The 

final concentration of each strand was 0.5 µM. 

Self-assembly of nanoparticle superlattices 

 

Particle assembly was carried out by combining a specified ratio of the 6HB rods and the DNA-

capped gold NPs in a solution containing 40 mM Tris-HCl, pH 8.0, 20 mM acetic acid, 2.5 mM 

EDTA, and 12.5 mM magnesium acetate (TAE/Mg2+). The mixture was slowly cooled over 

~53h from 51 °C to 25 °C in an incubator (Echotherm TM IN35) 

Small Angle X-ray scattering (SAXS) 

 

SAXS was performed at National Synchrotron Light Source (NSLS) X-9 beamline. The 

scattering data were collected with a CCD area detector, and then integrated into a 1D scattering 

curve I(q) as a function of the scattering vector q, where q = (4π/λ)sin(θ/2), with λ and θ being 

the wavelength of incident X-rays and the scattering angle, respectively. The structure factor S(q) 

was obtained by dividing I(q) by the particle form factor F(q) determined from a suspension of 

unaggregated free particles7. 

 
Supporting Information 

 
The Supporting Information is available free of charge on the ACS Publications website at DOI: 

XXXXXX 
 

• Calculation of experimental nanoparticle sizes and interparticle spacing 
• DNA sequences used to create the origami rods and capping sequences on the spheres 
• Salt stress size-dependence of rod aggregates 
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