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Over the last decade, the field of programmable self-assembly has seen an explosion in the diversity of
crystal lattices that can be synthesized from DNA-coated colloidal nanometer- and micrometer-scale
particles. The prevailing wisdom has been that a particular crystal structure can be targeted by designing
the DNA-mediated interactions, to enforce binding between specific particle pairs, and the particle
diameters, to control the packing of the various species. In this article, we show that other ubiquitous
nonspecific interactions can play equally important roles in determining the relative stability of different
crystal polymorphs and therefore what crystal structure is most likely to form in an experiment. For a
binary mixture of same-sized DNA-coated colloidal micrometer-scale particles, we show how changing
the magnitudes of nonspecific steric and van der Waals interactions gives rise to a family of binary body-

Received 1st January 2025, centered tetragonal crystals, including both cesium-chloride and copper—gold crystals. Simulations

Accepted 5th March 2025 using pair potentials that account for these interactions reproduce our experimental observations quan-
DOI: 10.1039/d5sm00001g titatively, and a theoretical model reveals how a subtle balance between specific and nonspecific forces

determines the equilibrium crystal structure. These results highlight the importance of accounting for
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1 Introduction

Self-assembly is a powerful approach for making materials with
complex microstructures, whereby individual components spon-
taneously organize due to interparticle interactions." In recent
years, DNA has emerged as a useful tool to design and control
the interactions between colloidal particles owing to the
sequence-specific nature of DNA base pairing.”™* This approach
has been used to assemble a rich diversity of crystal lattices from
both DNA-coated nanoparticles®® and DNA-coated micrometer-
scale particles.”™ Across this wide spectrum of length scales
and crystal structures, the conventional approach has focused on
controlling the specific, DNA-mediated attractions,"**® along
with the particle diameters, in order to specify the formation
of a given assembly or stabilize a particular crystal lattice.
Beyond the specific DNA-mediated attractions, however,
other surface forces can in principle also play a crucial role in

“Martin A. Fisher School of Physics, Brandeis University, Waltham, MA 02453,
USA. E-mail: wrogers@brandeis.edu
b Department of Chemistry, Princeton University, Princeton, NJ 08544, USA.
E-mail: wjacobs@princeton.edu
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5sm00001g

2654 | Soft Matter, 2025, 21, 2654-2663

nonspecific interactions in the crystal-engineering design process.

dictating the outcome of colloidal crystallization. Prominent
examples include screened-Coulomb repulsion between like-
charged particles, steric repulsion between polymer-grafted
particles (including DNA-coated particles), and van der Waals
(vdW) attraction between particles dispersed in a solvent.'®"”
Although these nonspecific interactions are often overlooked,
they can play equally important roles in stabilizing a certain
crystal polymorph, especially in cases where there are multiple
competing crystal structures with similar free energies. Indeed,
recent reports demonstrate how rationally controlling the steric
repulsion between DNA-coated nanoparticles can lead to the
formation of different crystals,'® including crystals that have
been notoriously difficult to assemble, like those isostructural
to sodium chloride (NaCl).”*°

In this paper, we show how nonspecific interactions affect
the assembly of micrometer-scale DNA-coated colloids. In
particular, we show that the interplay between specific DNA-
mediated attraction, nonspecific vdW attraction, and nonspe-
cific steric repulsion favors the self-assembly of body-centered
tetragonal (BCT) crystals, rather than crystals with cubic unit
cells. We find that the BCT unit-cell dimensions depend
sensitively on the relative magnitude and range of the non-
specific interactions, which we tune by varying the molecular
weight of the polymer brush on the particle surface, the particle

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0001-9158-2824
https://orcid.org/0000-0001-8587-8215
http://crossmark.crossref.org/dialog/?doi=10.1039/d5sm00001g&domain=pdf&date_stamp=2025-03-18
https://doi.org/10.1039/d5sm00001g
https://doi.org/10.1039/d5sm00001g
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00001g
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM021014

Open Access Article. Published on 11 March 2025. Downloaded on 8/4/2025 10:07:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

diameter, and the mixing of complementary grafted DNA strands.
Using simulations, we confirm that pair potentials that account
for these design choices give rise to equilibrium BCT crystals in
quantitative agreement with experiments. Then, to understand
these observations, we develop a theory to predict the relative
stability of different crystal lattices for particles with both specific
and nonspecific attraction. Taken together, our results showcase
how nonspecific interactions can play an important role in
dictating the equilibrium crystal structures, as well as how they
can be controlled by tuning various experimental parameters. Our
results might also help to explain why seemingly similar experi-
mental systems produce different crystal structures,"®'>"*'® and
why some predicted structures have remained inaccessible.*

2 Results and discussion

2.1 Characterizing the crystal structures for various polymer-
brush lengths

We synthesize DNA-coated colloids with a range of polymer-brush
molecular weights using a combination of physical grafting and
click chemistry by following a modified version of ref. 21 (see ESIt
for more details). Initially, we use polystyrene colloidal particles
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with 600-nm diameters and four different polyethylene oxide
(PEO) block molecular weights, M,, = 6.5, 11, 34, and 67 kDa.
We fluorescently dye the two particle species (referred to as
A and B) different colors to distinguish their compositional order
within the crystal phase. The ssDNA sequence is 65 bases long
with a 7 base-long region at the end that is complementary
between the two sequences. The net result is a binary suspension
of same-sized particles coated with a dense brush of PEO poly-
mers, which are end-grafted with single-stranded DNA (Fig. 1A).

We characterize the binary crystals that self-assemble by
determining the two-dimensional radial distribution functions
(RDFs) of their surface crystallographic planes. We first assem-
ble crystals at a constant temperature just below their melting
point (see ESIt for a detailed protocol). We then lower the
sample to room temperature at a ramp rate of 0.05 °C every two
hours until most of the free monomers have been consumed by
the growing crystals, so that we can transfer it to a confocal
fluorescence microscope to image the crystal symmetry and
composition. Next, we characterize the structures of roughly
one hundred single crystals (Fig. 1B) by finding the particle
centers using standard image-analysis routines®* and comput-
ing the two-dimensional RDFs. Two examples for crystals with
the longest and shortest polymer lengths are shown in Fig. 1C.
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Fig. 1 Overview of the experimental system. (A) Our experimental system consists of 600-nm-diameter spherical colloidal particles that are coated with
a brush of polyethylene oxide to which 65-nucleotide-long single-stranded DNA is attached (not to scale). The DNA terminates in a seven-base-long
region designed to hybridize with its complement. Two species of particles (A) and (B) are defined by the sequences of DNA attached to their surfaces. (B)
An equimolar mixture of A and B particles self-assembles to form binary crystals, which we characterize using confocal fluorescence microscopy. (C) The
A-B radial distribution functions (RDF) of facets of single crystals assembled with a 6.5 kDa molecular weight (M,,) polymer brush and a 67 kDa M,,
polymer brush are compared to the RDFs of the closest-matching planes of cesium—chloride (CsCl) and copper—gold (CuAu) crystals, indicated by their
miller indices. The distance between particle centers is denoted by r, and ag is the distance between nearest-neighbor A-B particle pairs. Black curves
show experimental data. The particles with shorter polymers assemble into a BCT structure in between CsCl and CuAu, whereas the particles with longer
polymers assemble into a structure that closely resembles CsCl. Solid red curves show the RDFs for the closest matching BCT crystallographic planes
(110), as well as the corresponding C values. (D) By analyzing the A-B radial distribution functions, we generate the unit cells of the lattice structures
assembled in experiment. Images of the surfaces of the crystals with long and short polymers are compared to the best-fit model lattices determined
from the RDFs. Both examples correspond to (110) planes of BCT.
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Because the particles are neither index matched nor density
matched to the solvent, we image the surface facet that is
parallel to the coverslip-water interface.

We classify the structure of each crystal by examining the
measured RDF for A-B particle pairs, gag(r), which provides a
unique fingerprint. Specifically, we compare the measured RDF to
a look-up table of RDFs for low-index crystallographic planes of
body-centered tetragonal crystals. The look-up table comprises a
variety of binary body-centered tetragonal crystals with various
aspect-ratio unit cells, which we characterize by a dimensionless
parameter C that lies between 0 and 1. If C = 0, the crystal has a
cubic unit cell that is isostructural to cesium chloride (CsCl); if
C = 1, the crystal again has a cubic unit cell, but this time is
isostructural to copper gold (CuAu). Intermediate values of C
correspond to crystals with non-cubic unit cells that are charac-
terized by a nearestneighbor A-B separation distance a, and
primitive vectors a,%, a,J, and a,Z:

V3ag

= A -2- VA - O) ()
ax:a),:%aS(l—C)JrasC (1b)
a. = iag(l —-C)+V2a,C. (1c)

V3

Interestingly, the crystals that we assemble are neither a
perfect match for CsCl nor CuAu. Moreover, their crystal
structure depends on the polymer brush molecular weight
M,,. For example, Fig. 1C shows the measured RDFs for binary
crystals composed of 600-nm-diameter particles with M, =
6.5 kDa and 67 kDa, as well as reference RDFs for the closest
matching crystallographic planes of CsCl and CuAu. By visual
inspection, we can clearly see that the two experimental RDFs
are different from one another and from the reference RDFs.
The differences between the experimentally determined structures
are also evident in the crystal images shown in Fig. 1D. In this
way, we find that all four crystals correspond to different BCT
lattices with different unit-cell aspect ratios. For the particles with
the shortest polymer brush, we also assemble and characterize the
crystal structure for three salt concentrations ranging from
roughly 50-500 mM NaCl, which has a minimal effect on the
equilibrium C parameter value (see Fig. S1 and S2 in ESIf).

We hypothesize that the BCT crystal structures that we observe
are stabilized by a combination of specific DNA-mediated attrac-
tion and nonspecific interactions. Prior theoretical and simula-
tion studies using simple models of DNA-coated particles, which
do not account for potential nonspecific interactions present in
our experimental system, have predicted that CsCl is the thermo-
dynamically stable crystal phase for same-sized particles with
attractive interactions between A and B particles only.>*® This
prediction is due to the greater entropy of hard-sphere CsCl
crystals, which have body-centered cubic (BCC) unit cells, relative
to hard-sphere CuAu crystals, which have face-centered cubic
(FCC) unit cells.** However, this predicted entropic difference
between CsCl and CuAu structures is smaller than the thermal
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energy per particle. It is therefore plausible that other interactions
with similar or greater magnitude can influence the thermodyna-
mically stable crystal structure. For example, earlier experimental
results showed that CuAu crystals can be stabilized relative to CsCl
by introducing a small degree of DNA hybridization between
particles of the same type,” which can only form contacts in
the denser CuAu phase due to the narrow range of distances over
which the DNA can hybridize. Our hypothesis follows similar
reasoning, but differs in that the range of the various nonspecific
interactions need not be the same as that of the specific DNA-
mediated attractions. We propose that the sum total of these
various surface forces, acting over a variety of different ranges,
could plausibly stabilize non-cubic BCT crystal structures, which
have different nearest-neighbor distances between A-A/B-B and
A-B particle pairs.

2.2 Modeling microscopic interactions between DNA-coated
colloids

To test this hypothesis, we first evaluate the pair-interaction free
energies (referred to as ‘pair potentials’) in our experimental
system using a recently developed microscopic model of the
interactions between DNA-coated colloids."® This microscopic
model accounts for the free energy of DNA hybridization,* steric
repulsion between polymer brushes, and vdW attraction between
colloidal particles. Importantly, the model self-consistently
accounts for the excluded-volume interactions between adjacent
strands, which may or may not be hybridized, by minimizing the
total free energy with respect to the fraction of hybridized strands.
In this way, the total free energy of interaction can be computed as
a function of the distance between the DNA-coated particles. For
example, Fig. 2 shows predictions of the A-A/B-B and A-B pair
potentials for the two systems investigated in Fig. 1C and D at
temperatures near the melting points of the corresponding crys-
tals. Notably, each A-B pair potential has a narrow attractive well
when the particle surfaces are separated by a distance comparable
to twice the equilibrium polymer brush height. By contrast, the
contribution to the pair potentials due to vdW attraction acts over
longer distances.

These predicted pair potentials suggest that our hypothesis
is indeed plausible. First, we observe that the contribution to the
pair potential from vdW attraction is predicted to be indepen-
dent of M, as the vdW interaction is determined by the colloidal
particle diameter and the Hamaker constant in ref. 15. There-
fore, the vdW interaction is the same for both A-A/B-B and A-B
particle interactions. By contrast, the steric contribution from
the polymer brush and the grafted DNA molecules depends
sensitively on the polymer M,,, whereby longer polymers shift
the minimum of the pair potential to larger particle separations.
These differences mean that the nonspecific vdW attraction is
comparable to the thermal energy for both A-A/B-B and A-B
particle pairs when the brushes come into contact in the short-
polymer (6.5 kDa M,,) system, whereas the vdW attraction is
negligible when the brushes come into contact in the long-
polymer (67 kDa M,,) system. Indeed, this weak A-A/B-B attrac-
tion between DNA-coated colloids that depends on the polymer

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Predicting A-A/B—B and A-B pair potentials. (A) A schematic of a
pair of DNA-coated particles, illustrating the surface-to-surface separation
distance. (B) The total A-A/B—B and A—B pair potentials are calculated for
the systems examined in Fig. 1C and D (600 nm-diameter particles with
M,, = 6.5 or 67 kDa) plotted with respect to the separation distance
between the colloidal particle surfaces (black curves). Because the DNA-
hybridization contribution to the pair potential is extremely temperature
sensitive, we illustrate the differences between these systems by choosing
the temperature separately for each system such that the minimum of the
A-B potential is approximately —5kgT. The blue curve shows the non-
specific vdW contribution to the total pair potentials. In the M,, = 6.5 kDa
system, the vdW attraction is approximately 0.5kgT at the distance where
the total A-B pair potential is minimized. In the M,, = 67 kDa system, the
longer brush screens this interaction.

molecular weight has been measured directly for a very similar
experimental system."

Second, we observe that the steric repulsion due to excluded
volume interactions between the brushes occurs at different
distances for the A-A/B-B and A-B particle pairs. This feature
arises because the minimum-free-energy brush height in the
microscopic model of ref. 15 depends on whether the grafted
DNA is hybridized. Because the A-A/B-B particle pairs do not
experience DNA-mediated attraction, the repulsion between
their polymer brushes leads the pair potential to diverge at a
greater separation between the particles. As we discuss below,
this feature also has significant implications for the equili-
brium binary crystal structure.

2.3 Comparing predicted and experimental BCT crystal
structures

We next assess whether these pair potentials can explain the
variations in the BCT structures that are observed in experi-
ment. To this end, we use constant-pressure molecular
dynamics simulations to predict the equilibrium crystal struc-
ture for each experimental system at room temperature, T =
25 °C (see Appendix). For each polymer length, we prepare a
1024-particle binary crystal with initial BCT C parameters
ranging from 0 to 1. We then set the applied pressure to be
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close to zero, since the coexisting colloidal gas phase in the
experiments is extremely dilute, and evolve the system under the
pair potential that is predicted for the experimental design
parameters. Regardless of the initial C parameter, we find that
the structure converges to a unique crystal lattice for each
system, which we characterize by computing the time-averaged
unit-cell dimensions ay, @, and a,.

Consistent with our experimental observations, these simu-
lations predict that BCT crystals with C parameters between 0
and 1 are thermodynamically favored over both CsCl and CuAu.
Moreover, the simulations predict equilibrium C parameters,
computed via eqn (1), that depend on M, and agree nearly
quantitatively with the experimentally characterized crystals
(Fig. 3A and B). Both simulations and experiments show that
the C value decreases from roughly 0.6 (more CuAu-like) to 0.2
(more CsCl-like) as M, increases from 6.5 to 67 kDa. We
observe a relatively narrow distribution of C for each system,

A .
O experiment
08 ‘ simulation
06 600 nm
o Q
04
02 f & 430 nm é theor, é
0 L\ . -
6.5 11 34 67
PEO molecular weight (kDa)
B , simulation theory C2
R=095/ [R=088 i
I
o
f
g ) ) 67kDag |
O‘D 0.5 I
4
600 nm
0 05 10 05 1 10 0.5 1
pred C

Fig. 3 Comparison of predicted and experimentally determined BCT
crystal structures. (A) A plot of the C parameter values for 430-nm-
diameter (red) and 600-nm-diameter (blue) colloids versus the PEO M,,
in experiment (circles), simulation (diamonds), and theory (curves). Small
circles show data for individual crystals and large white circles show the
mean value. (B) Plots of the measured C values at room temperature Ceyp
versus the predicted equilibrium C values from simulation (left) and theory
(right) show the strong correlation between experimentally assembled
crystals and predicted equilibrium crystal structures. Pearson coefficients R
are shown for both comparisons with simulations (left) and theory (right).
(C) A plot of the chemical potential i of BCT crystals for 600-nm and 430-
nm-diameter particles as a function of C for two PEO molecular weights:
6.5 kDa (rhombic dashed curve) and 67 kDa (square dashed curve). The
chemical potential for the 6.5-kDa case has a minimum at roughly C = 0.7,
illustrating that the equilibrium crystal structure has a hon-cubic BCT unit
cell, in line with experimental observations.
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indicating that all crystals for a particular system assemble the
same BCT structure. Thus, based on the correspondence with
our equilibrium simulations and the reproducibility of our
experimental results, we conclude that the experimental C
parameters reflect the equilibrium crystal structure at room
temperature.

Because the vdW contribution to the pair potential is
determined by the particle diameter in the microscopic model,
we hypothesize that the nonspecific attraction responsible for
high C parameter values can also be eliminated by reducing the
size of the colloidal particles. We therefore perform the same
set of experiments and simulations for the same polymer
lengths but a smaller particle diameter of 430 nm. For these
systems, the vdW attraction is predicted to be negligible at the
distance at which the polymer brushes come into contact,
regardless of the polymer M,,. As a result, we expect that the
BCT crystal structures will all be close to CsCl.

Simulations and experiments confirm this expectation
(Fig. 3A and B), as the equilibrium C parameter for the smaller-
particle crystals is small (0.2) and nearly independent of the
polymer M,,. Again we observe relatively narrow distributions of
C parameters, except in the case of the shortest polymers, for which
the C parameter ranges from 0.1 to 0.5 across different crystals. Yet
overall, the semi-quantitative agreement between simulations and
experiments is consistent regardless of the particle diameter. We
attribute small discrepancies between the simulations and the
experiments to our assumption that the polymer density is con-
stant across all systems, which may not be the case in reality given
that each system is synthesized separately. Nonetheless, the agree-
ment between simulation and experiment gives us confidence that
the experimental crystal structures are governed by equilibrium
thermodynamics and a balance of specific and nonspecific inter-
actions that make up the predicted pair potentials.

2.4 Predicting the stability of BCT crystal polymorphs

To gain deeper insight into the thermodynamic determinants of
the observed crystal structures, we devise a theoretical model
with which we can predict the equilibrium phase behavior from
the microscopically modeled pair potentials. Our approach
utilizes thermodynamic perturbation theory and a reference
binary crystal in which A-B particle pairs are bonded via a
harmonic potential. The harmonic potential u.¢(r) = ¢ + (kap/
2)(r — ¢)” is obtained from the A-B pair potential in the absence
of vdW interactions, u,g, where r is the distance between the
centers of the particles, ¢ is the distance at which wu,p is
minimized, ¢ is the value of u,g at 7 = g, and k,y is the second
derivative of u,p evaluated at r = ¢. The free energy of a crystal
with a specified BCT C parameter can be calculated exactly for
this reference model. However, nonspecific interactions, which
we treat perturbatively, turn out to be crucial for determining the
relative free energies of the crystal structures. Complete details
of these calculations are provided in the Appendix. In what
follows, we describe our approach for calculating the phase
behavior and highlight the essential insights that emerge.
Given the predicted pair potentials, we seek the conditions
for phase coexistence between a colloidal gas phase and a BCT
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crystal structure with a variable C parameter. To this end, we
compute the free energies of these phases according to the
thermodynamic perturbation theory and then equate their
chemical potentials, y, and pressures, P. At phase coexistence,

Peia(Mauia) = Herystal(Pauia(Muia);C), (2)

where #gyiq is the packing fraction of the fluid phase. For simplicity,
we assume that the packing fraction of the crystal phase is uniquely
determined by the BCT C parameter and is thus independent of the
pressure. We solve eqn (2) as a function of the packing fraction for
values of C in the range 0 to 1, and we predict the equilibrium
crystal phase to be the one with the lowest coexistence chemical
potential. Example plots of the coexistence chemical potential,
Ueoexs as a function of C are shown in Fig. 3C for the two brush
lengths and both particle types considered in Fig. 1C and D. In all
cases, we find that pc.ex is a function of C with a single local
minimum, which is consistent with the fact that systems initialized
with various C values all converge to the same crystal structure in
our simulations.

We validate the predictions of our theory by comparing both
the crystal melting temperatures and the equilibrium C values
at room temperature with experiments. First, we predict the
melting temperature for each system theoretically by finding
the temperature-dependent pair potentials at which the dilute-
phase packing fraction, #gyiq, that is in coexistence with the
equilibrium BCT crystal is equal to the overall colloidal volume
fraction in our experiments, ~0.5%. In this way, we find that
the predicted and experimentally determined melting tempera-
tures agree semi-quantitatively, with a Pearson correlation
coefficient of R = 0.98 and absolute errors less than 2 °C (see
Fig. S3 in ESIT). The melting temperatures decrease monotoni-
cally with respect to increasing polymer M, resulting in a
difference of approximately 10 °C between M,, = 6.5 and 67 kDa.

Second, we predict the BCT C parameters at room tempera-
ture and find qualitative agreement with the experimentally
determined values. Although these predictions are not as
accurate as the simulation results that utilize the same pair
potentials, most likely due to the approximations involved in
the perturbation theory, we obtain a positive correlation of R =
0.88 with respect to the experimental values (Fig. 3B). We note
that the discrepancy between the predictions and the experi-
mental measurements for the 600-nm particles with a 34-kDa
polymer brush is possibly due to the very flat free-energy
landscape for this system (see Fig. S4 in ESIt), which makes
the predicted C values highly sensitive to potential inaccuracies
in the pair-potential model, the approximations used in the
BCT crystal theory, or our assumption of a constant polymer
density across all systems. Yet overall, our theory reproduces
the observed trends with respect to the particle diameter and
the polymer M,,. We can therefore examine the theory to
understand the thermodynamic driving forces that select the
equilibrium BCT crystal structures.

Specifically, our theory predicts that the coexistence
chemical potential is affected by the harmonic and anharmonic
contributions to the crystal entropy, as well as the vdW attrac-
tion. The harmonic contribution to the entropy, which arises

This journal is © The Royal Society of Chemistry 2025
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from the phonon modes of the reference crystal, actually favors
high C parameter values, although the difference between the
CuAu and CsCl phonon entropies is less than 0.1kp per particle
(see Fig. S5 in ESIt). This observation may be surprising given
that BCC crystals are typically expected to be entropically
favored over FCC crystals.>* However, we emphasize that the
harmonic reference crystal does not consider the repulsion
between particles of the same type, which is accounted for by
the pair potential uss = upp. This repulsion instead leads to an
anharmonic contribution to the crystal entropy, which indeed
favors low-C crystal structures in which particles of the same
type are less likely to come into contact. Importantly, the
probability that particles of the same type contact one another
for a given C parameter depends on the distance at which us
becomes strongly repulsive. As previously noted, this repulsion
occurs at greater distances than the repulsion between particles
of different types (Fig. 2), leading to an increased anharmonic
entropic penalty that favors low C values. Finally, the vdW
interaction lowers the chemical potential when particles of
the same type are closer together, favoring larger C values as
expected. Although these driving forces are individually weak
compared to the thermal energy, shifting the balance among
them can have large effects on the crystal structure, or poten-
tially lead to broad distributions of C parameters, when pceex iS
a weakly varying function of C (Fig. 3C).

Based on these considerations, an interesting prediction of
our theory is that vdW interactions are in fact not essential to
obtain BCT structures, since the harmonic contribution to the
entropy also favors high C values. This prediction is supported
by simulations conducted in the absence of vdW attraction (see
Fig. S6 in ESIt), highlighting the complexity of crystal-structure
prediction when many thermodynamic driving forces of similar
magnitudes are involved. However, testing this prediction
experimentally would be challenging due to the interdepen-
dence of the anharmonic contribution to the entropy and the
vdW interactions, as both of these driving forces are controlled
in our system by a limited set of accessible design parameters.

Overall, our theory predicts that the equilibrium BCT crystal
structure is primarily determined by the balance between the
anharmonic contribution to the crystal entropy and the vdW
attraction. Both of these effects can be considered to be non-
specific since neither is governed by DNA-mediated interac-
tions. Taken together, these theoretical observations explain
how subtle changes to the experimentally accessible system
design parameters can simultaneously affect multiple weak
driving forces and tune the equilibrium BCT crystal structure.

2.5 Incorporating DNA-mediated A-A/B-B attraction

Based on our understanding of these thermodynamic driving
forces, we hypothesize that alternative nonspecific attractive
interactions could be used to systematically tune the BCT
crystal structure. To test this idea, we devise an experiment in
which the attraction between A-A/B-B particle pairs is due to
DNA hybridization rather than vdW attraction. Specifically, we
use a polymer brush with the largest PEO molecular weight
(67 kDa) to screen the vdW attraction. We then coat the two
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particle species with different mixtures of the two complemen-
tary DNA sequences to induce DNA-mediated attractions
between A-A/B-B particle pairs, such that one particle species
is coated with mole fractions o of one sequence and (1 — «) of its
complement, and the other particle species is coated with o of
the complement and (1 — ) of the sequence (Fig. 4A). Therefore,
both particle species should experience roughly equal A-A/B-B
attraction, and the range of the A-A/B-B attraction should be
comparable to the range of the A-B attraction, because both
result from hybridization of the same surface-grafted DNA
molecules.”® To perform simulations, we calculate pair poten-
tials by modifying the fraction of complimentary strands on each
particle species, such that the average fraction of hybridizing
DNA is 2¢(1 — o) on A-A/B-B particle pairs and o” + (1 — «)* on
A-B particle pairs. We also utilize these pair potentials in a
modified version of our theory to predict the equilibrium BCT C
parameter as a function of « (see Fig. S7 in ESIt).

As anticipated, we find that increasing the strand mixing
fraction o, and therefore the magnitude of the A-A/B-B attrac-
tion, induces a transition from CsCl-like to CuAu-like crystals
(Fig. 4B). The experimentally observed C parameter value
increases from approximately 0.1 to 0.8 upon increasing o from
0 to 0.3, and these observations are matched quantitatively by

A B ,_ ‘
& %
O 05} ‘
‘ simulation
O experiment
0 1

0 0.1 0.2 0.3

Strand mixing fraction, a

0.1 0.2
Strand mixing fraction, a

Fig. 4 Tuning the BCT crystal structure by balancing specific and non-
specific interactions. (A) 600-nm-diameter, M,, = 67 kDa particle types A
and B are prepared with different strand mixing fractions, «, of two
complementary DNA sequences. (B) Plotting the BCT C parameter versus
o reveals a continuous shift towards CuAu-like structures as « increases.
Constant-pressure simulations of the equilibrium crystal structures, con-
ducted with pair potentials that account for the different mixing fractions
(diamonds), are in good agreement with the experimental measurements
(circles). Small circles show data for individual crystals; large white circles
show the mean values. The broad distribution of experimentally deter-
mined C parameters at o = 0.1 likely reflects a flat ucoex Versus C curve (cf.
Fig. 3) near the midpoint of the continuous transition, resulting in a wide
range of crystal structures with extremely similar stabilities. (C) Fluores-
cence micrographs of the surfaces of the crystals illustrate the continuous
shift from a CsCl-like structure at o = O to a CuAu-like structure for o = 0.2.
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our simulation results over the same range. Importantly, this
transition appears to be continuous, which is consistent with
the convex fi.qex versus C curves that are predicted by our theory
(see Fig. S7 in ESIY). Interestingly, for « = 0.1, we observe that
the interparticle spacing and crystal symmetry appear to vary
locally within a single crystal domain (see Fig. S8 in ESIT for an
example). We interpret this heterogeneity as the result of
polymorphs with very similar free energies, leading to a large
spread in the measured C parameter values at this specific
mixing fraction near the midpoint of the transition from low to
high average C value (Fig. 4B). This observation is also consis-
tent with the continuous transition predicted theoretically,
which results in a relatively flat p..ex versus C curve, and thus
a broad distribution of near-equilibrium crystal structures, near
the midpoint of this transition (Fig. 4B and C). We point out
that an earlier study that used mixing of DNA sequences to
induce A-A/B-B attraction lacked the spatial resolution and
quantitative crystallography to identify this continuous
transition.”® Nonetheless, we emphasize that the experimen-
tally determined crystals exhibit the same compositional order
as the binary crystals without strand mixing for the range of «
values that we consider (Fig. 4B and C).

3 Conclusions

Taken together, our results demonstrate how nonspecific
colloidal interactions can play crucial roles in determining
the relative stabilities of competing crystal structures. We
demonstrate that a binary mixture of same-sized, micron-
scale particles can produce a diversity of BCT crystal structures
that can be tuned via a variety of physically distinct modes of
nonspecific attraction. In all cases, we theoretically predict a
continuous transition, regardless of whether the nonspecific
attraction is due primarily to vdW or DNA-mediated forces,
which is consistent with the results of simulations and experi-
ments. These results further support our conclusion that the
experimentally determined BCT crystal structures reflect the
equilibrium crystal structures at room temperature, and also
demonstrate that subtle changes in the thermodynamic driving
forces can be accurately predicted by the microscopic model.
We highlight that a thorough examination of the determi-
nants of a continuous transition from BCC to BCT to FCC versus
a discontinuous transition directly from BCC to FCC could be
an interesting question for future work. In particular, while it is
tempting to draw direct comparisons between the phase beha-
vior that we report and the myriad examples of DNA-mediated
colloidal crystallization at the nanoscale and microscale,*®
some of which report discontinuous transitions from BCC to
FCC,*”*® making these connections is challenging owing to the
wide diversity of length scales, particle shapes, conjugation
strategies, and DNA motifs used across these many examples.
As a result, it is difficult to conclude whether or not the
resultant differences in the phase behavior are due to the fact
that the vdW attraction is negligibly weak for nanometer-scale
particles, that the entropic contributions to the crystal free
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energies are fundamentally different due to the fact that the
grafted DNA molecules are comparable in size to the particle
cores, or something else entirely. Determining the mechanistic
details of the transitions between different crystal polymorphs
therefore requires new dedicated studies designed to control
for these many confounding variables.

From a materials-design perspective, our results point to
new possibilities in the programmable crystallization of DNA-
coated particles. Whereas the vast majority of the crystal-
engineering design rules have focused primarily on the specific
DNA-mediated interactions,®?° our work motivates the devel-
opment of design approaches that include and utilize both
specific and nonspecific interactions. Indeed, our experimental
results show that including nonspecific attraction, even in
simple binary mixtures of same-sized particles, can expand
the diversity of crystals that can be self-assembled to include
a family of crystal structures with non-cubic unit cells. This
observation begs the question: What other crystal structures
might be accessible to systems of DNA-coated colloidal parti-
cles if one can design both the specific, DNA-mediated attrac-
tions and the nonspecific attractions and repulsions?
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Appendices
Constant-pressure simulations

We perform molecular dynamics simulations using pair poten-
tials computed from the microscopic model of DNA-coated
colloidal particles® at the experimental temperature T =
25 °C. For each system, we initialize binary crystals consisting
of 1024 colloidal particles (512 particles of each type) in 11
different BCT crystal structures, C € [0,0.1,...,1]. The initial
lattice spacing is chosen such that the nearest-neighbor A-B
particle pairs are separated by the distance at which the pair
potential is minimized. We work in dimensionless units where
the colloidal diameter is d = 1, the reduced simulation tem-
perature is kg7 = 1, and the masses of the particles are set to
m = 1, so that the time unit is 1 = d\/m/kpT. Because the
potential well is extremely narrow, we choose a small timestep

This journal is © The Royal Society of Chemistry 2025
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equal to At = 5 x 107 °7. We then perform constant-pressure
(NPT) simulations, allowing the orthorhombic simulation box
dimensions to fluctuate independently, at a low pressure of
P = 10 *kgT/d®>. We note that our results are quantitatively
unchanged if the pressure is reduced to P = 10 *kgT/d>. We
run the simulation for 5 x 10’ timesteps to ensure that
equilibrium is reached. Since the simulation box dimensions
are allowed to fluctuate independently, the BCT C parameter is
determined directly from the box dimensions,

C = (amax — amm)/ [(\/5 — 1>a’6], (3)

where @min(max) 1S the minimum (maximum) unit cell dimen-
sion and a; as defined in eqn (1) with a, calculated as the
equilibrium distance between nearest-neighbor A-B particle
pairs in simulations. Finally, we report the BCT C parameter
for each system by averaging over the final 107 timesteps of the
equilibrated simulation trajectories and over all 11 initial
conditions, which we empirically find to all converge to the
same equilibrium crystal structure. Error bars associated with
the equilibrium C values, which are calculated as the standard
error of the mean of the 11 initial conditions, are typically
smaller than the symbol sizes in the figures.

Theoretical model of BCT crystal phase coexistence

Phase behavior of the reference system. We define a refer-
ence system based on the pair potential for A-B particle pairs in
the absence of vdW interactions, u,5. Under the conditions of
interest, u,p has a minimum at separation r = g, where the free
energy is ¢ = uag(0). For small perturbations in the particle
positions, u,g can be approximated by a harmonic potential
Ure(r) = & + (kap/2)(r — 0)?, where kag is the second derivative of
usp evaluated at r = o.

In an ordered binary crystal phase, we assume that the
average spacing between nearest-neighbor particle centers is
exactly r = g. The crystal-phase packing fraction is then

no’ 2
Herystal = 6 X aaa) (4)

where v = 16°/6 is the volume associated with a particle and a,,
ay, and a, are the dimensions of the BCT unit cell, which
contains two particles. Using the harmonic approximation .,
we can compute the free energy per particle in a crystal phase,*

_zafe 3 2n
ﬁfcrysml(c) - 2 P ln [))O'zkAB

()

1
4+ —

N Z logk — kB"ASsymm7

{rtn e

where z,5 = 8 is the coordination number for A-B contacts and
p =1, since the pair potentials represent the potential of mean
force and thus contain the actual temperature dependence of
the system. The first term represents the free energy of the
crystal in its equilibrium configuration, where all nearest-
neighbor A-B particle pairs are spaced exactly r = ¢ apart. The
second term arises from the entropy change due to
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confinement by a harmonic pair potential with spring constant
kag. The third term accounts for the phonon modes of an N-
particle lattice with BCT parameter C, where {x}y ¢ is the set of
nonzero eigenvalues of the Hessian matrix of the harmonic
reference crystal with unit nearest-neighbor particle spacing
and a unit spring constant. In practice, we numerically com-
pute the Hessian of a lattice with 8 x 8 x 8 unit cells and
evaluate the eigenvalue spectrum. Finally, the fourth term,
kg 'ASsymm = —log(2), is a symmetry factor that accounts for
the periodic translational order of particles in an ordered
binary crystal. The chemical potential in a crystal phase is
simply the Gibbs free energy per particle,

PPy

sal(P; C) = Bfe )+ ——
[)).ucry lal( ) Bf. ryslal( ) Hcryslal(c)

(6)
In the fluid phase, we use the Carnahan-Starling equation of

state for a hard-sphere fluid with a mean-field correction for the

short-range attractions between particles of different types,

8 — 9 + 3
Bauia(n) = logn +W+ 2A:n )
RS S
BPuia(n)yy = TN A, (8)

(I —n)?

where A, = 4B¢[(1 + 8/206)° — (1 — §/26)%] and § = /8 /kap is the
approximate width of the harmonic well.

At phase coexistence, the chemical potentials and pressures
of the fluid and a crystal phase are equal. Since we are
assuming that the packing fraction of a given crystal phase is
solely determined by the BCT parameter C, we only need to
solve eqn (2) to find peoex = fifiuid = Herystal @S a function of ngyia.
The equilibrium crystal in coexistence with the fluid phase is
the one with the lowest equilibrium chemical potential.

Accounting for A-A/B-B repulsion and vdW attraction. The
chemical potential of a BCT crystal structure depends
sensitively on both the repulsion between A-A/B-B particle
pairs, which are not bonded and thus do not appear in the
reference harmonic crystal, and additional nonspecific attrac-
tions among the particles. We first account for the pair
potential between particles of the same type, uas = ugg, which
has a repulsive shoulder near r ~ ¢. We assume that this effect
makes a negligible contribution in the fluid phase, since the
Carnahan-Starling equation of state already accounts for hard-
sphere repulsion among all the particles in the fluid. However,
in a crystal phase, the shoulder reduces the accessible volume
per particle due to repulsion between A-A/B-B particle pairs.
The change in the entropy per particle is approximately

Ve
k]gilASAA = log—dc AA

acc,ref

©)

d
IOAA dX gAA ref (x) eXp[_ﬁ“AA (X)}
]
JSAA dx ZAA ref (x)
where Vyee rer and Vyee aa are the accessible volumes per particle

under the reference and actual A-A/B-B potentials, respectively,
and da, is the minimum distance between A-A/B-B particle

~log

)
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pairs in the crystal structure. In this approximation, the inte-
grals describe the distance over which each particle can travel
before being repelled by a particle of the same type within a
lattice, assuming that all other particles are at their equilibrium
positions. For simplicity, we approximate the radial distribu-
tion function for A-A/B-B particle pairs in the reference crystal
as Zaa ref(X) oc exp[—(0kap2)(x — daa2)’], where the scaling factor
o is chosen to be o &~ 1 x 10~* based on zero-pressure
simulations of the reference crystal with C = 0. This choice
accounts for the fact that the distance between nonbonded A-A/
B-B particle pairs fluctuates to a much greater extent than the
distance between bonded A-B particle pairs in the reference
crystal. The entropy change given by eqn (9) modifies the
chemical potential in the crystal phase, such that ﬁAuﬁf}ml =
—ks 'ASaa. We emphasize that this anharmonic contribution
to the crystal entropy is essential for stabilizing BCT crystals
with low C values: in the absence of A-A/B-B repulsion, the C-
dependent phonon contribution to eqn (5) actually favors
crystal structures with high C values (see ESIf). Thus, the
shoulder of the A-A/B-B pair potential plays an important role
in determining the equilibrium crystal structure.

By contrast, nonspecific vdW interactions affect particles in
both the fluid and crystal phases. We treat the pair potential
uyaw as a weak perturbation to the reference crystal structure
using the Zl-expansion.’’ The corrections to the chemical
potential and the pressure of the fluid phase are

v 24 (*°
BAuy = ?J drr? Buyaw (r)

a

(10)

125 (>
paritity =21 e ). (1)

For the crystal-phase calculation, we approximate the struc-
ture of the reference crystal by assuming that the particles are
at their equilibrium positions in the binary lattice. The correc-
tion to the chemical potential of the crystal phase is thus

BAS =D Bitvaw (1),

1

(12)

where the sum runs over all the particles in the lattice except a
tagged particle at the origin, and 7; is the distance between the
neighboring particle and the origin.

In practice, we incorporate these correction terms, eqn (9)-
(12), and solve eqn (2) to compute peex as a function of C, as
shown in Fig. 3C. An extension of this theory to systems with
specific A-A/B-B attraction, which follows a similar perturba-
tive approach, is presented in the ESL}
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