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ABSTRACT

Leveraging the anisotropic shape of DNA-functionalized nanoparticles holds potential for shape-directed crystallization of a wide collection
of superlattice structures. Using coarse-grained molecular dynamics simulations, we study the self-assembly of a binary mixture of cubic
gold nanoparticles, which are functionalized by complementary DNA strands. We observe the spontaneous self-assembly of simple cubic
(SC), plastic body-centered tetragonal (pBCT), and compositionally disordered plastic body-centered tetragonal (d-pBCT) phases due to
hybridization of the DNA strands. We systematically investigate the effect of length, grafting density, as well as rigidity of the DNA strands
on the self-assembly behavior of cubic nanoparticles. We measure the potential of mean force between DNA-functionalized nanocubes for
varying rigidity of the DNA strands and DNA lengths. Using free-energy calculations, we find that longer and flexible DNA strands can lead
to a phase transformation from SC to the pBCT phase due to a gain in entropy arising from the orientational degrees of freedom of the
nanocubes in the pBCT phase. Our results may serve as a guide for self-assembly experiments on DNA-functionalized cubic nanoparticles.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0148139

I. INTRODUCTION

Inspired by nature, self-assembly has been widely used in nan-
otechnology to manufacture and design nanostructured materials.’
In the past few decades, scientists have exploited the wide variety of
available colloidal building blocks and have self-assembled them into
a diversity of structural arrangements that can be used for advanced
functional materials in fields as diverse as aviation and space,” solar
hydrogen,® fuel cells,* biosensors,” power generation,® and medical
materials.”

In recent years, we have seen two exciting developments that
significantly increased the diversity of self-assembled colloidal struc-
tures. In the first approach, the shape of the colloidal particles is
exploited to assemble a vast array of structures. Huge research efforts
have been devoted on investigating the effect of particle shape on the
entropy-driven self-assembly of hard particles’ ' and on predicting

their densest structures.'”'* These studies demonstrate that hard-
particle systems can self-assemble into an astonishing diversity of
structures, such as crystal and plastic crystal phases, liquid crystals,
and even quasicrystals, depending on their precise particle shape and
thermodynamic state point.

Another very promising self-assembly strategy dates back to
the mid-1990s when single-stranded DNA oligonucleotides with
a well-defined length and sequence were attached to individual
nanoparticles, and the Watson-Crick base-pairing interactions of
complementary DNA strands were exploited to program the inter-
particle interactions and self-assembly of nanoparticles.'”'® These
pioneering works represented the first well-characterized formation
of spherical nucleic acid (SNA) conjugates. The functionalization
of nanoparticles with DNA can be exploited to control and direct
colloidal self-assembly,'”"'? and hence, the SNA conjugates are also
referred to as “programmable atom-equivalents” (PAEs). Similar to
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atoms, these PAEs are capable to assemble into a wide variety of
well-ordered superlattices,”” >’ but the ability to encode nanoparti-
cle interactions in a selective and reversible fashion in the specificity
of the DNA sequence goes far beyond what is possible with ordinary
atoms.”"”’

Most experimental and computational studies have
focused on spherical nanoparticles that are functionalized with
DNA. However, one can also combine the best of both worlds and
combine DNA-functionalization with anisotropic particle shapes,
such as Janus particles,”” cuboctahedra, cubes and octahedra, as
well as mixtures of cubic particles with different degrees of convex-
ity and concavity.”’ By decorating these shape-anisotropic particles
with a soft deformable shell of DNA ligands, an intricate competi-
tion arises between the optimal packing of these building blocks as
determined by maximizing the system’s entropy and the structure
that is favored by the energetic interactions arising between DNA
strands.”! This intriguing interplay between energetic and entropic
contributions to the self-assembly can be exploited not only to diver-
sify the nanoparticle superlattice structures but also to control and
direct their self-assembly.

In this paper, we focus on the effect of DNA hybridization
on the self-assembly of cubic nanoparticles. The cube is a space-
filling convex polyhedron consisting of 6 regular square faces and is
considered to be one of the simplest anisotropic particle shapes. Sim-
ulation studies showed that hard cubes crystallize into simple cubic
crystal phases with a surprisingly high vacancy concentration,”"”
whereas truncated hard cubes stabilize deformed simple cubic crys-
tal structures.””* Rounded hard cubes form deformed simple cubic
(or rhombohedral), deformed face-centered cubic (fcc), as well
as plastic fcc phases.”™ Simple cubic, rhombohedral, and plas-
tic crystal phases have indeed been observed in experiments on
micrometer-sized silica cubes,””** ’ and trun-

N

11111

silver nanocubes,”*
cated metal-organic-framework particles.”” The self-assembly of
other structures can be obtained by complementing the excluded-
volume interactions with enthalpic interactions. For instance, 1D
structures with either face-to-face or edge-to-edge oriented cubes
were obtained by grafting the particles with polymer or ligands;"' ™’
linear chains, 2D square and honeycomb lattices™**” were found
by preferential adsorption of a specific particle orientation at a
fluid interface as well as by oriented attachment; and linear chains
and square, honeycomb, and hexagonal lattices with edge-up, face-
up, and vertex-up oriented cubes were assembled using capillary
interactions.”**’

Additionally, grafting DNA ligands on the surface of cubic
nanoparticles leads to directional DNA interactions as provided by
the six facets of the cube.”” O’Brien et al. investigated the self-
assembly behavior of cubic nanoparticles using DNA linkers with
self-complementary sticky ends so that particles can bind to all
other particles in solution.”’ Using molecular dynamics simulations,
these authors determined the range of DNA lengths and nanopar-
ticle surface areas where the orientations of the individual cubes,
and the crystallization behavior is predominately determined by the
anisotropic particle shape and DNA shell. They found that for short
DNA length and large nanoparticle surface area, the nanocubes
self-assemble into a simple cubic (SC) crystal structure, but upon
increasing the DNA length and decreasing the surface area, the
system transitions to a body-centered tetragonal (BCT) and plastic
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BCT phase. In the case of two sets of nanocubes that are functional-
ized with complementary DNA, particles can only bind to particles
of the opposite species. In the case of spheres, it was already observed
that for one-component spherical DNA-functionalized nanoparti-
cles with self-complementary sticky ends, the system self-assembles
into a face-centered cubic (fcc) crystal phase, while body-centered
cubic (bec) phases (corresponding to cesium chloride (CsCl) phases
if the two species are distinguished) were found in binary systems of
spherical nanoparticles grafted with complementary sticky ends.'®
The case of binary mixtures of DNA-functionalized nanocubes with
complementary DNA strands was investigated by Lu et al. in Ref. 51.
They found that the cubes are tilted with respect to the lattice vec-
tors for both the bcc and BCT phase, and they explained this unusual
packing of nanocubes by the anisotropic particle shape and the pref-
erential adsorption of the DNA ligands to regions of high curvature
on the particle surface.

In this work, we study the self-assembly behavior of binary
mixtures of nanocubes, which are grafted by immobilized comple-
mentary DNA strands, using extensive molecular dynamics (MD)
simulations. We determine the self-assembled crystal structures
of DNA-functionalized nanocubes as a function of DNA length,
grafting density, and rigidity of the DNA, and we map out the cor-
responding phase diagrams. In addition, we measure the potential
of mean force for DNA-functionalized nanocubes for varying rigid-
ity of the DNA strands and DNA lengths. Finally, we show using
free-energy calculations that longer and more flexible DNA strands
can lead to a phase transformation from SC to the plastic BCT phase
due to a gain in entropy arising from the orientational degrees of
freedom of the nanocubes in the pBCT phase.

Il. MODEL

To study the self-assembly behavior of DNA-functionalized
nanocubes, we adopt the coarse-grained model for isotropic DNA-
functionalized nanoparticles as introduced by Knorowski et al.”° and
Liet al.,”*® which we extend to investigate the shaped-induced crys-
tallization of binary DNA-functionalized cubic gold nanoparticles
(DNA-AuNPs). The coarse-grained model is schematically depicted
in Fig. 1.

We model the surface of a cubic gold nanoparticle (AuNP)
with edge length L =10 nm as a rigid body consisting of a shell
of beads. All the beads are constrained with respect to the center-
of-mass of the rigid body, preventing the shape of the nanoparticle
and the length of its sides from changing. Furthermore, we assume
that there are no interactions between the beads on the surface. To
investigate the effect of the rigidity of the DNA strands on the self-
assembly, we graft the cubic core with either single-stranded DNA
(ssDNA) or double-stranded DNA (dsDNA) with the dsDNA being
more rigid than the ssDNA. The DNA chains are randomly tethered
on the surface of the cube. Both the ssDNA and dsDNA chains con-
sist of an anchor strand that attaches the DNA to the nanoparticle,
a spacer strand, and a linker strand. The anchor strand is repre-
sented by a single-stranded (SS) DNA bead with a diameter of oss ~
1 nm representing ~2 to 3 DNA bases. The spacer strand consists of
either ngs € [2,12] single-stranded (SS) spacer (yellow) beads with a
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FIG. 1. Schematic picture of our coarse-grained model of a binary mixture of DNA-functionalized cubic nanoparticles and examples of hybridizations between two gold (Au)
nanocubes (NP) with complementary double-stranded DNA (dsDNA) (left) or single-stranded DNA (ssDNA) (right). A DNA strand consists of spacer beads representing
double-stranded (DS) or single-stranded (SS) DNA, linker beads (LK), flanking beads (FL), and sticky-end beads (X1, X2, X3 and Y4, Y2, Y3). The total length of the dsDNA

and ssDNA strand is denoted by Lgspna @nd Lsspa, respectively.

diameter of gss ~ 1 nm or nps € [1,6] double-stranded (DS) spacer
(gray) beads with a diameter of ops ~ 2 nm representing ~5 DNA
base-pairs. We choose ¢ = ops as our unit of length. Finally, the
linker strand consists of 3 linker (LK) beads, which are decorated
by sticky-end (SE) beads and flanking (FL) beads. The SE beads are
positioned on top of the LK beads. The SE beads X, X3, X3 can
hybridize complementary base pairs Y1, Y», Y3, respectively, via a
truncated and shifted Lennard-Jones interaction,

12 6
oxy oxy shift
4e (—) —(—) -U forr < reut,
ny(r) _ XY|: , ’ XY cut (1)

0 forr > reus,

where oxy = 0.60 is the interactive distance between the SE beads,
r is the distance between the SE beads, rcu = 2.50 is the cut-off
distance, and U™ = dexy ((oxy/reau)'> = (oxv [7eut)°). We set exy
= 4¢, with ¢ being our unit of energy to represent the attractive
strength of the non-covalent bonds between complementary base
pairs.

To make the hybridization (formation of hydrogen bonds)
directional and to prevent that more than two SE beads form a bond,
the SE beads are flanked by FL beads. All the beads different from the
SE beads interact via a purely repulsive Weeks—Chandler-Andersen
potential,

12 6
45[(0"4;) _(%) ]+£ forr$21/60a;;,
Uor/i(r) = r r (2)

0 forr > 21/6(704;,

with &, 8 corresponding to either LK, FL, SS, or DS beads.
All interactive distances o,s are listed in Table 1. The DNA
coarse-grained beads are connected by covalent bonds via a
harmonic spring potential, Upona(7) = (1/2)ks(r —r9)%, where
ks = 220e/0® is the spring constant and ry= 0.840,5 is the
native spring length. The harmonic angle potential Upgle(0)
= (1/2)kg(6 - 6p)* is used to enforce the rigidity of the DNA
and to align neighboring sticky-end (SE) and their flanking (FL)
beads, where 6 represents the angle between three consecutive
beads. For dsDNA strands, we chose kg = 20¢/rad” based on Ref.
27. For the ssDNA strands, the value of kg should be relatively
small. We therefore set kg to a relatively small value, ie., 5 ¢/ rad?,
for which ssDNA shows random coil behavior. The equilibrium
angle is 6y = . To keep the LK and FL beads in their position, we

TABLE I. Interactive distances a3/ with ¢ = 2 nm our unit of length.

[24 ﬁ SS DS LK FL X] X2 X3 Y] Y2 Y3

§§ 05 075 05 04 04 04 04 04 04 04

DS --- 10 075 05 05 05 05 05 05 05
LK - .- 05 04 06 06 06 06 06 06
FL - - s 04 043 043 043 043 043 043
D, R cee -+« 10 03 03 06 03 03
D, CIEEEI s -+ 0.3 1.0 03 03 06 03
X3 eee e cee -+ 03 03 1.0 03 03 0.6
Y, 1.0 03 03
Y, 0.3 1.0 03
Y; 03 03 1.0
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employ kg = 100¢/rad” for the FL-LK-FL angle, kg = 120¢/rad” for
DS-LK-SE and SS-LK-SE angle, and kg = 50£/rad2 for SE-SE-FL
angle.

To achieve effective crystallization, the thermally active
hybridization events between sticky ends (breaking and reforming
of hydrogen bonds) is the key factor. We find that a tempera-
ture kgT /e € [1.4,1.8] yields spontaneous crystallization. We per-
form MD simulations in the NVT ensemble with the temperature
controlled by a Nosé-Hoover thermostat using the HOOMD-blue
package.””

Ill. RESULTS

We study the self-assembly of DNA-functionalized nanocubes
as a function of DNA length Lgpna and Lgpna ranging
from 4.5 to 145 nm and grafting density p ranging from
0.050 to 0.150 strands/nm”. The grafting density is defined as
p = Npna/Scupe> where Npna is the total number of DNA strands
and S.,p. is the surface area of the nanoparticle core. We use a
fluid-like configuration in a cubic simulation box as the initial con-
figuration and randomize the system at high temperature kg T /e = 2.
We employ periodic boundary conditions. Subsequently, we run
the simulations at the temperature of interest for about 2.0 x 10
time steps to reach the maximum DNA hybridization and to self-
assemble the nanocubes in various structures. The size of the time

V ((ma*)[e).

step is kept constant at §t = 0.0017, where 7 =

A. Crystal structures

In Figs. 2(a)-2(c) (Multimedia view), we present typical con-
figurations obtained from our simulations on the self-assembly of
dsDNA-AuNPs. To identify the crystal structures, we not only use
a visual inspection of the configurations, but we also determine the
diffraction patterns in the yz- and xy-plane. The diffraction patterns
in Fig. 2(d) confirm that the dsDNA-AuNPs with Lyspna = 6.5 nm
assemble into a simple cubic (SC) phase with compositional and
orientational order, as shown by the configuration in Fig. 2(a) (Mul-
timedia view). The situation changes if we consider dsSDNA-AuNPs
with Lgspna = 10.5 nm for which we find that the NPs self-assemble
into a superlattice with a structure that is different from the SC
phase and with orientational disorder and compositional order
[see Fig. 2(b) (Multimedia view)]. By examining the diffraction pat-
tern in Fig. 2(e), we find that the lattice constants Dy = D, # D,,
indicating a plastic body-centered tetragonal pBCT crystal. Upon
further increasing the dsDNA length to Lgspna = 14.5 nm, the sys-
tem eventually assembles into a compositional disordered pBCT
(d-pBCT) lattice [Fig. 2(c), Multimedia view].

In addition, we investigate the effect of rigidity of the DNA
on the self-assembled structures. To this end, we studied the self-
assembly of ssDNA-AuNPs using the same range of DNA lengths.
The ssDNA is less rigid than the dsDNA. As shown in Figs. 3(a)-3(c)
(Multimedia view), we find the same crystal structures, SC, pBCT,
and d-pBCT phase, as we already observed for the self-assembly
of dsDNA-AuNPs. To obtain further insight in the orientations of
the cubes in the pBCT phase, we show side views of the simulation
configurations in Fig. 4 for nanoparticles decorated with dsDNA
and ssDNA. We clearly observe that the dsDNA strands are more
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rigid than the ssDNA strands. In addition, we find that the lat-
tice spacings of the cubes are equal in the x- and y-direction and
that the lattice spacings in the z-direction are substantially larger,
which is consistent with the corresponding diffraction patterns
of pBCT.

B. Phase diagrams and hybridization

In order to investigate the effect of directional DNA interac-
tions on the self-assembly of cubic nanoparticles, we systematically
study the self-assembly of dsSDNA-AuNPs as a function of DNA
length Lgpna and grafting density p at temperature kpT/e = 1.6.
We show the resulting phase diagrams for dsSDNA-AuNPs in the
Laspna — p plane in Fig. 5(a). For each state point in the phase
diagram, we simulate five independent runs. The phase diagram
displays a disordered fluid, SC, pBCT, and d-pBCT phases. For suf-
ficiently long DNA length and sufficiently low grafting density, the
NPs present a disordered fluid phase, whereas the NPs self-assemble
into a SC phase for sufficiently short DNA length and sufficiently
high grafting density. The pBCT phase is formed for intermediate
grafting densities, i.e., p € [0.05,0.100] strands/nm?, and interme-
diate DNA lengths i.e., Lgspna € [4,12] nm. Finally, the NPs self-
assemble into a compositionally and orientationally disordered BCT
phase for sufficiently long DNA lengths. The compositional disor-
der originates from kinetically trapped compositional defects in the
pBCT lattice.” To study the effect of rigidity of the DNA strands
on the phase behavior, we also determine the phase diagram of
ssDNA-AuNPs as a function of grafting density p and length Lypna
of the ssDNA. We find that higher stiffness of the DNA chains results
in a higher propensity of ordered crystalline structures, which is
consistent with recent work on the self-assembly of polymer-grafted
nanoparticles.”’

We now take a closer look at the hybridization of the DNA
linkers and the crystallization process. To this end, we study the
effect of DNA length, grafting density, and temperature on the per-
centage of hybridized DNA linkers p(H) during the crystallization
process. We define a hybridization event when each sticky-end bead
on a DNA strand forms a non-covalent bond with its complemen-
tary sticky-end bead, i.e., when the two beads are within a distance of
1.5043. We show the percentage of hybridizations p(H) as a function
of time for dsDNA-AuNPs and ssDNA-AuNPs for varying DNA
lengths in Figs. 6(a) and 6(b) and for varying grafting densities in
Figs. 6(c) and 6(d). We find that in all cases, p(H) reaches a con-
stant value within 2 x 10”8¢. In addition, we find that the percentage
of hybridizations p(H) decreases with DNA length and increases
with grafting density. We thus find that both the DNA length and
the grafting density play a key role in the DNA hybridization and
the crystallization process. The decrease in p(H) as the DNA length
increases can be explained by a reduction in the local concentration
of sticky ends. This effect can be attributed to the increased vol-
ume accessible to sticky ends as longer DNA strands are used, which
leads to an increase in configurational entropy of the DNA ligands
and repulsion between DNA-functionalized nanocubes™ and, con-
sequently, resulting in a decrease in p(H). We now study the effect
of temperature on the hybridization process. We first make a few
observations. We find that at high grafting density and low temper-
ature, the number of hybridized DNA linkers can be so high that
the system gets kinetically trapped, while at low grafting density and
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FIG. 2. Representative configurations of double-stranded DNA-functionalized gold nanocubes (dsDNA-AuNPS) with a grafting density p = 0.15 strands/nm? obtained from
MD simulations at a temperature kg T /e = 1.8: (a) simple cubic (SC) crystal phase of NPs with a DNA length Lgspna = 6.5 nm (Multimedia available online), (b) plastic
body-centered tetragonal (pBCT) phase of NPs with Lgspna = 10.5 nm (Multimedia available online), and (c) compositionally disordered plastic body-centered tetragonal
(d-pBCT) of NPs with Lgspna = 14.5 nm (right) (Multimedia available online). [(d) and (e)] Diffraction patterns of the (100) plane (xz plane) or (001) plane (xy plane) of the

corresponding SC and pBCT phase.

high temperature, the number of hybridization events is too low for
the formation of ordered structures. We therefore adjust the tem-
perature to find the most optimal temperature for crystallization. In
Figs. 6(e) and 6(f), we exemplarily show the percentage of hybridiza-
tion p(H) for the optimal temperature for crystallization for vary-
ing grafting densities and DNA length Lgspna = Lespna = 4.5 nm.

By optimizing the temperature for the crystallization process of

DNA-functionalized gold nanocubes for a typical grafting density,

we find that the region for the formation of ordered crystalline
structures, i.e., SC and pBCT, significantly broadens, as shown in
Fig. 5(b).

C. Potential of mean force

Additionally, we observe that as the length of DNA increases
for a given particle size, the propensity of forming BCT crystal
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FIG. 3. Representative configurations of single-stranded DNA-functionalized gold nanocubes (ssDNA-AuNPs) with a grafting density p = 0.15 strands/nm? obtained from
MD simulations at a temperature kgT /e = 1.8: (a) simple cubic (SC) crystal phase of NPs with a DNA length Lespna = 4.5 nm (Multimedia available online), (b) plastic
body-centered tetragonal (pBCT) phase of NPs with Lsspya = 10.5 nm (middle) (Multimedia available online), and (c) compositionally disordered plastic body-centered
tetragonal (d-pBCT) of NPs with Lsspya = 14.5 nm (right) (Multimedia available online). [(d) and (e)] Diffraction patterns of the (100) plane (xz plane) or (001) plane

(xy plane) of the corresponding SC and pBCT phase.

structures with compositional disorder increases. In order to shed
light on the effect of DNA length on the self-assembly process, we
measure the potential of mean force between two dsDNA-AuNPs
or ssDNA-AuNPs with varying DNA lengths. We use constraint
bias MD simulations to keep the center-of-mass distance R;; frozen
between nanoparticle i and j and measure the mean force,

1 N
Fn(Rjj) = 5((Ff—Fj)'Rij), 3)

as the average force along the center-of-mass distance vector R;; and
with F; and F; being the total force acting on nanoparticle i and j,
respectively. The angular brackets denote an ensemble average in
the canonical ensemble. We run the simulations for 3 x 10”8t in a
periodic box and use the last 2 x 1078t for sampling. The potential
of mean force ®(R) is then computed by

O(R) = AmFm(Rij)dRij- 4)

J. Chem. Phys. 158, 184902 (2023); doi: 10.1063/5.0148139
Published under an exclusive license by AIP Publishing

158, 184902-6

80'85:01 ¥202 JoqWa08Q 90


https://scitation.org/journal/jcp

The Journal

of Chemical Physics
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We plot the potential of mean force ®(R) of dsDNA-AuNPs and
ssSDNA-AuNPs for varying DNA lengths in Fig. 7. We clearly
observe that the attractive well of ®(R) becomes less pronounced
and shifts to larger distances upon increasing the DNA length, which
may explain the compositional disorder seen in the BCT crystal
phases. In addition, we find that the potential of mean force ®(R)
is less attractive for ssDNA-AuNPs than for dsDNA-AuNPs.

D. SC-pBCT phase transformation

To confirm the thermodynamic stability of pBCT of dsDNA-
AuNPs with a DNA length of Lgpna = 10.5 nm, we perform an
MD simulation for 2 x 10%8¢ in which we start with an orienta-
tionally ordered and equilibrated SC crystal phase. To monitor
the transformation process, we examine the translational and rota-
tional dynamics of the NPs by calculating the root mean square

displacement RMSD(¢) = /{|R(¢) — R(0)|*) and the second-order

orientational order parameter S(t) = ((3 cos*8(t) —1)/2), where R
denotes the center-of-mass position of a nanocube, 6(t) denotes its
orientation with respect to a director &, and the angular brackets
denote an ensemble average. The second-order orientational order
parameter S(¢) measures the alignment of particles along &, where
S(t) =1 represents perfect alignment and S(¢) = 0 denotes com-
pletely random orientational order. We plot the RMSD(#) and
S(t) in Fig. 8(a), along with representative configurations show-
ing the spontaneous transformation from the SC to the pBCT
phase in Fig. 8(b), indicating that the pBCT phase is indeed the
stable structure for dsDNA-AuNPs with long DNA strands, i.e.,
Lgspna = 10.5 nm. The percentage of hybridizations p(H) as shown
in Fig. 8(c) is also measured over time. The transformation process
can be divided into two parts. In the initial part, which occurs over a

ARTICLE scitation.orgljournalljcp

sideview (xy plane)

FIG. 4. Representative configurations
from two different viewpoints of the
plastic body-centered tetragonal (pBCT)
phase of (top) double-stranded and (bot-
tom) single-stranded DNA-functionalized
gold nanocubes (dsDNA-AuNPs and
ssDNA-AuNPs, respectively) with a
grafting density p = 0.15 strands/nm?
obtained from MD simulations.

short period of time (~1.9 x 107 8t), the root mean square displace-
ment RMSD(¢) increases and the orientational order S(t) decreases,
until it stabilizes after ~1.9 x 1078t In addition, the percentage
of hybridizations p(H) immediately decreases and remains stable
at about 0.07, where the hybridization strength is still sufficiently
strong to stabilize the superlattice structure of dSSDNA-AuNPs.

E. Plastic crystal behavior

Plastic crystals (rotator phases) are characterized by long-
ranged positional order and short-ranged orientation order. To
investigate the effect of length, grafting density, and rigidity of the
DNA on the orientational order of the nanoparticles in the plas-
tic crystal phases, we measure the orientation correlation function

g4(R),
21(R) = %(35[um(0) “wja(R)]* - 30[uia(0) - wja(R)]* +3), (5)

where the angular brackets denote an ensemble average over all the
particle axes a = 1,2,3 and particle pairs i and j."**” We refer the
reader to Ref. 59 for more details. In Fig. 9, we plot the results for
dsDNA-AuNPs and ssDNA-AuNPs with varying DNA lengths in
the SC and pBCT phase. By increasing the length of the DNA, the
cubic particle shape may become completely masked and the ori-
entation correlations may vanish, resulting in the formation of a
plastic crystal phase [Fig. 9(c)]. Additionally, the orientation correla-
tions may vanish when the grafting density decreases. Furthermore,
we observe that in the case of more flexible DNA, i.e., ssDNA-
AuNPs, the orientation correlations are less pronounced, which is
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FIG. 5. Phase diagrams of (left) double-stranded DNA-functionalized gold nanocubes (dsDNA-AuNPs) and (right) single-stranded DNA-functionalized gold nanocubes
(ssDNA-AUNPs) (a) in the DNA length (Lgspna OF Lssona) Vs grafting density p representation at a temperature kT /e = 1.6 and (b) at the optimal temperature for self-
assembly ranging from kgT /e € [1.4,1.8] (right axis) depending on p (left axis). The phase diagrams display a disordered fluid phase (black triangle), simple cubic (SC)
crystal phase (green square), plastic body-centered cubic (pBCT) crystal phase (purple diamond), and a compositionally disordered pBCT (d-pBCT) phase (gray circle).
Black dashed lines indicate approximate phase boundaries. (c) Schematic representation of the SC, pBCT, and d-pBCT structures.

consistent with the potential of mean force ®(R) being less attractive
for ssDNA-AuNPs than for dsSDNA-AuNPs, as shown in Fig. 7.
These observations suggest that the spatial distribution of
hybridized DNA linkers plays an important role in driving the phase
transformation from the SC phase to the pBCT phase. To investi-
gate this, we measure the averaged percentage of hybridized DNA
linkers on the edges of the two cubes, the faces of the two cubes,
and on the face of one cube and the edge of the other cube. We first

differentiate all the DNA strands into face or edge (including the
corners) linkers and then calculate the percentage of face-edge
hybridizations between nanoparticle A and B as 2Ngce—edge/ (Nf’;Ce
+Nilge Jerf:lce +Nfdge), where Npycecdge denotes the number of
DNA strands on the edge (face) of nanoparticle A that are
hybridized with DNA strands on the face (edge) of nanopar-
ticle B and N, (edgey is the number of DNA strands on the
face (edge) of nanoparticle I = A, B. The percentage of edge-edge
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FIG. 6. Percentage of hybridization of DNA linkers p(H) as a function of time for (a) double-stranded DNA-functionalized gold nanocubes (dsDNA-AuNPs) and (b) single-
stranded DNA-functionalized gold nanocubes (ssDNA-AuNP) with grafting density p = 0.150 strands/nm? at temperature kg T/ = 1.8 for varying DNA lengths Lgspna and
Lssona, respectively, as labeled, for (c) dsDNA-AUNPs and (d) ssDNA-AuNPs with DNA length Lgspna = Lssona = 4.5 nm at temperature kg T /e = 1.6 for varying grafting
densities p as labeled, and finally, the percentage of hybridization p(H) for (¢) dSDNA-AuNPs and (f) ssDNA-AuNPs with DNA length Lgspna = Lsspna = 4.5 nm and varying

grafting density as labeled for the optimal temperature for crystallization.

and face-face hybridizations between nanoparticle A and B are
defined similarly. We plot the results in Figs. 10(b)-10(d). We
find from Figs. 10(b) and 10(c) that for high grafting densities
p =0.150 strands/nm?, the SC crystal phase is stabilized by face-
face hybridizations, whereas the pBCT crystal has a preference for
edge-edge hybridizations. However, as the DNA grafting density
decreases to p = 0.100 strands/nm?, the preference for face—face

and edge-edge hybridizations becomes similar to that for edge-face
hybridizations for the SC phase, as shown in Fig. 10(d), reduc-
ing the orientational order of the cubes. In Fig. 11, we show the
percentage of edge-edge, face-face, and edge-face hybridizations
between ssDNA-AuNPs. We find that the SC crystal phase is stabi-
lized by edge-edge hybridizations, as shown in Figs. 11(a) and 11(c)
in contrast to dSDNA-AuNPs, which show a preference for face-face
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FIG. 7. Potential of mean force ®(R) as a function of the center-of-mass distance R between dsDNA-AuNPs (a) and ssDNA-AuNPs (b) with a grafting density
p = 0.100 strands/nm? and varying DNA lengths as labeled at a temperature kg T /e = 1.6.
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FIG. 8. The SC-pBCT phase transformation of dssDNA-AUNPs with Lyspna = 10.5 nm and p = 0.150 strands/nm?. (a) Second-order orientational order parameter S(t) (top)
and root mean square displacement, RMSD (bottom), as a function of time when a predetermined SC configuration of dsDNA-AuNPs at kg T /e = 1.8. (b) Representative
structures from the initial stage, i.e., the SC phase, to the final stage, i.e., the pBCT phase. The inset diagram illustrates the definition of 6. The green background indicates
the initial part of the phase transformation. (c) Percentage of hybridization p(H) as a function of time when the SC structure transform to the pBCT structure.

hybridizations in Fig. 10(b). The reduced face-face contact indicates
weaker face-face interactions, leading to less orientational order of
the cubes in the SC phase of ssDNA-AuNPs.

F. Free-energy calculations

Our results show that the phase transformation of a binary
mixture of DNA-functionalized nanocubes from a SC to pBCT crys-
tal structure is influenced by several factors, such as the length of
the DNA strands, the grafting density, and the rigidity of the DNA
strands. In addition, we expect that the transition from the SC to
the pBCT phase is driven by an increase in entropy or number
of microstates of the DNA.”""*" To examine this in more detail,
we selected four dsDNA-AuNPs systems with the same grafting

density p = 0.150 strands/nm® but with different dsDNA lengths
Lgspna = 4.5,6.5,8.5, and 10.5 nm. Although it is not possible to
calculate the entropy directly, we can estimate it by decompos-
ing the free energy difference AF = AU — TAS into the internal
energy AU and the entropy contribution —TAS. To determine the
stable superlattice structure of the dsDNA-AuNPs for different val-
ues of the DNA lengths, we employ the lattice-coupling expansion
method”""” to calculate the free-energy differences between pBCT
and SC superlattice structures.

The calculations are carried out in two stages using the
azplugins software.®” In the first stage, we introduce a harmonic
interaction with a spring constant of k = 60¢/a” between the cen-
ter of each nanoparticle core and its equilibrium lattice site. To
account for the orientational degrees of freedom of the particles, an
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FIG. 9. Crientation correlation function g, (R) for the simple cubic (SC) crystal and plastic body-centered tetragonal (pBCT) phase formed by dsDNA-AuNPs with Lgspna
=4.5nm(a),6.5nm (b), and 10 nm (c) or ssSDNA-AUNPs with Lsspna = 4.5 nm(d), 6.5 nm (e), and 10.5 nm (f) as a function of the radial distance R scaled by the reduced
unit . The investigated systems are at three different grafting density, i.e., 0.001, 0.125, and 0.150 strands/nm?.
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length Lgspna = 6.5 nm, and (e) a pBCT phase of dsDNA-AuNPs with a grafting density p = 0.100 strands/nm2 and DNA length Lgspna = 10.5 nm.
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FIG. 11. Percentage of edge-edge, face—face, and edge—face DNA hybridizations as a function of time for (a) a SC phase of ssDNA-AuNPs with a grafting density
p =0.150 strands/nm2 and DNA length Lgspna = 6.5 nm, (b) a pBCT phase of ssDNA-AuNPs with a grafting density p = 0.150 strands/nm2 and DNA length Lsspna
=10.5nm, (c) a SC phase of ssDNA-AuNPs with a grafting density p = 0.100 strands/nm? and DNA length Lsspna = 6.5 nm, and (e) a pBCT phase of ssDNA-AUNPs with

a grafting density p = 0.100 strands/nm? and DNA length Lspya = 10.5 nm.

independent coupling force with a spring constant of k, = 5000¢/0”
is also imposed on each nanoparticle core to constrain its orien-
tation. The simulations are performed in the NVT ensemble for a
series of systems with different values of spring constants Ak, where
A varies from 0 to 1 in increments of 0.05. We run each simula-
tion with a fixed value of A for 4.0 x 10° time steps, and the last
2.0 x 10° steps of the trajectory are used for sampling. The free-
energy change AFpring due to the spring coupling is calculated using
thermodynamic integration,

Mg = [ a3 K (R~ R)? (6)
spring = o ZI:E( i 1,0) >

A

where N denotes the number of particles, R; is the center-of-mass
position of nanoparticle i, Ry is the spring anchor points, i.e., the
ideal lattice positions, and (- - -}, denotes an ensemble average at a
fixed value of A.

In the second stage, the lattice-coupled solid is gradually
expanded by scaling the positions of the spring anchor points with
a linear expansion parameter y, i.e., Rip = yRio. The superlattice is
expanded until the DNA-coated nanoparticles do not interact with

each other. The lattice expansion was performed in a series of values
ranging from 1.000 to 1.40 with increments of 0.002 up to 1.01, 0.01
up to 1.07, 0.02 up to 1.19, and 0.03 up to 1.40. We run each sim-
ulation for at least 6.0 x 10° time steps, and the last 2.0 x 10° steps
of the trajectory are used for sampling. The free-energy difference
AFexpansion due to the lattice expansion is calculated using

1.40 8U(r,) ari‘
AFex ansion = d R Lt 5 7
P fl y(; Orij 8y> @
Y

where the sum extends over all pairs of beads on different DNA-
coated nanoparticles and U(r;;) is the pair interaction between the
beads. The Helmholtz free energy of the superlattice is given by

F= Freference - AFspring - AFexpansiom (8)

where Freference 15 the free energy of the expanded reference state of
non-interacting DNA-coated nanoparticles. Finally, the Helmholtz
free-energy difference AF between the pBCT and SC crystals reads
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FIG. 12. (a) The entropy —TAS and internal energy AU contribution to the free-energy difference AF = FPECT — FSC between pBCT and SC superlattices of dsDNA-AUNPs
with a grafting density p = 0.150 strands/nmz, as a function of the length Lgspna of the DNA. Error bars are smaller than the symbol size, when not shown. (b) The difference
in the percentage of hybridizations Ap(H) between pBCT and SC superlattices as a function of the length Lgspna of the DNA corresponding to the systems in (a); The
internal energy can be measured by AU = UPECT — USC = 3¢, | Ap(H)|Nim, where Ni, the maximum number of hybridizations.

AF = FPBCT _ psC
_ SC PBCT SC pBCT
- AFspring - AFspring + AFexpansion - AFexpansion' (9)

We then use the relationship 3eAp(H)N,"* to measure
AU. Here, € = 4.0kgT represents the strength of the hybridization
between non-self-complementary sticky ends, Ap(H) is the differ-
ence in hybridizations between pBCT and SC crystal phases, and Ny,
is the maximum number of hybridizations. With the obtained values
of AF and AU, we calculated the entropy contribution, as illustrated
in Fig. 12.

We clearly observe from Fig. 12 that the free-energy difference
between pBCT and SC crystal phases decreases from a positive to a
negative value between a DNA length of Lgspna ~ 8.5 nm, indicat-
ing that the SC crystal is stable for Lgspna < 8.5 nm and the pBCT
crystal is stable for Lgspna > 8.5 nm, as also found in Fig. 5(b). The
transition from pBCT to SC is energetically favorable due to a high
number of hybridization events between the relatively short DNA
linkers. However, as the DNA strands become longer and more flex-
ible, a phase transformation occurs from SC to pBCT due to a gain
in entropy arising from the orientational degrees of freedom of the
nanoparticles in the pBCT phase. This is supported by the decrease
in |Ap(H)| during the SC to pBCT transition, indicating a decrease
in AU as shown in Fig. 12(b).

IV. CONCLUSIONS

In conclusion, we used a coarse-grained model of DNA-
functionalized nanoparticles to investigate the shape-induced crys-
tallization of a binary mixture of nanocubes with immobilized
complementary DNA strands. By controlling the anisotropy of the
shell of DNA ligands on the nanoparticle, the binary mixture of
nanoparticles is programmed to self-assemble into SC, pBCT, and
d-pBCT superstructures, while the DNA length, rigidity, and graft-
ing density determined the orientation and lattice symmetry of the
nanocubes. Our study revealed that the spatial distribution of the
DNA hybridizations plays a crucial role in the transition from the

SC phase to pBCT phase, and the orientational order decreases
with decreasing grafting density or increasing DNA length. SC
phases have been observed using spherical DNA-functionalized
nanoparticles.'® However, DNA-functionalized nanocubes can form
new superlattice structures, pBCT and d-pBCT, due to the inter-
play between the anisotropic particle shape and ligand structure.
These structures are not attainable with spherical particles. How-
ever, for DNA-functionalized nanocubes with very long spacers, the
anisotropic particle shape and ligand structure would become less
relevant, resulting in effectively spherical particles that could self-
assemble into bce superlattice structures.'® Additionally, we found
that the transition from pBCT to SC was energetically favorable due
to the high hybridized interaction between short DNA-decorated
nanoparticles. Conversely, longer and flexible DNA strands led
to a phase transformation from SC to the pBCT phase due to
a gain in entropy arising from the orientational degrees of free-
dom of the nanoparticles in the pBCT phase. These results can be
extended to DNA-functionalized nanoparticles with various com-
positions, shapes, and sizes and have important consequences for
the rational design of self-assembled structures based on geometric
considerations.
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APPENDIX: SPATIAL DISTRIBUTION OF STICKY ENDS
FOR ISOLATED dsDNA-AuNPS

In Fig. 13, we plot the spatial distribution of sticky ends on a
single dSDNA-AuNP for varying DNA lengths. As the DNA length
increases from 4.5 to 22.5 nm, we clearly observe that the spatial
distribution of sticky ends of a single dsSDNA-AuNP becomes more
spherical, explaining the loss in orientational order with increasing
length of the spacers.
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