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Ionic solids from common colloids
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Fromrock salt to nanoparticle superlattices, complex structure can emerge from
simple building blocks that attract each other through Coulombic forces'*. On the
micrometre scale, however, colloids in water defy the intuitively simple idea of
forming crystals from oppositely charged partners, instead forming non-equilibrium
structures such as clusters and gels®>”. Although various systems have been
engineered to grow binary crystals® ™, native surface charge in aqueous conditions
has not been used to assemble crystalline materials. Here we formionic colloidal
crystalsinwater through an approach that we refer to as polymer-attenuated
Coulombic self-assembly. The key to crystallization is the use of a neutral polymer to
keep particles separated by well defined distances, allowing us to tune the attractive
overlap of electrical double layers, directing particles to disperse, crystallize or
become permanently fixed on demand. The nucleation and growth of macroscopic
single crystals is demonstrated by using the Debye screening length to fine-tune
assembly. Using a variety of colloidal particles and commercial polymers, ionic
colloidal crystalsisostructural to caesium chloride, sodium chloride, aluminium
diboride and K,C,, are selected according to particle size ratios. Once fixed by simply
diluting out solution salts, crystals are pulled out of the water for further
manipulation, demonstrating an accurate translation from solution-phase assembly
todried solid structures. In contrast to other assembly approaches, in which particles
must be carefully engineered to encode binding information® 8, polymer-attenuated
Coulombic self-assembly enables conventional colloids to be used as model colloidal

ions, primed for crystallization.

To assembleionic colloidal crystalsin water, we employ a twist to Der-
jaguin-Landau-Verwey-Overbeek (DLVO) theory” that balances the
electrostatic attractive force between oppositely charged particles
withsteric repulsion from well-defined polymer brushes between them.
Attractionis provided by overlapping electrical double layers, that s,
clouds of oppositely chargedions surrounding charged particles. The
thickness of the double layer is characterized by the Debye screening
length A, which sets the range of attraction. The polymer brush serves
asaparticlespacerandits purposeis twofold: first to prevent particles
fromentering the van der Waals region, and second to set the overlap
of theelectrical double layers. Particle separation regulates the ampli-
tude of the electrostatic attraction, effectively forming anionicbond
whose strength canbe tuned through A,,. Thisideaisillustratedin Fig. 1a,
where we consider the contribution of the electrostatic potential V
(dotted) between overlapping oppositely charged double layers and
the repulsive potential V; (dashed) between polymer brushes. As we
typically consider particle spacers of thickness larger than 6 nm,
particles do not come in close contact and we can neglect van der
Waals interactions. V¢ is obtained as for DLVO theory, but consider-
ing particles of opposite surface potentials ¥, and ¥_. This
gives: k';—ET =2meryp exp(-h/Ap), whereris theradius, his the surface-
to-surface particle separation, k; is the Boltzmann constant, Tis tem-
perature and ¢is the solvent permittivity'. The repulsion between the
polymer brushes, V;, is given by the Alexander-de Gennes polymer
brush model (Methods), built on scaling arguments and predicting

forces similar to more advanced theoretical treatments®. Superposition
of the two yields the pair potential V;, between oppositely charged
particles (solid lines), which exhibit alocal minimum conveniently tuned
by varying A, relative to the thickness of the polymer spacer L. The depth
of the minima corresponds to the bond energy £, between oppositely
charged particles. For A, << L, the polymer brush prevents the double
layers from overlapping, the electrostaticinteraction vanishes and the
particles are sterically stabilized. For A, >> L, the presence of the polymer
brushis negligible, the double layers fully overlap, and the particles
aggregate. For A, comparable to L, repulsion from the brush and elec-
trostatic attraction nicely balance to establish anionic bond £, of afew
kyT.Herethe particle spacers maintain separation between oppositely
charged particles while attracting one another electrostatically, provid-
ing cohesion with reconfigurablility—an indispensable condition for
dependable assembly. Qualitatively, the equilibrium distances prove
to be close to the contact point between the two brushes, h= 2L, as for
anearly impenetrable wall, which provides an intuitive handle to both
rationalize the interaction and streamline the experimentation.
Following this simple principle, the assembly of an ionic colloi-
dal crystal requires only three ingredients: (1) oppositely charged
particles, (2) a non-ionic surfactant that forms a uniform brush onto
the surface of the particles and (3) salt to set the range A, of the elec-
trostatic interactions. In a prototypical self-assembly experiment,
ablock copolymer (Pluronic F108) adsorbs onto a set of oppositely
charged polystyrene (PS) microspheres (r=500 nm), forming abrush.
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Fig.1|Polymer-attenuated Coulombic self-assembly. a, Oppositely charged
particles separated by a polymer spacer formatunable ionic bond. Their pair
potential (Vi) comprises polymer repulsion (V;) and Coulombic attraction (V).
Plots are calculated for aconstant polymer brushlength L =10 nm and
increasing Debye screeninglengths A, 0f3.0,4.5and 6.0 nm. For each

The colloids are then equilibrated in sodium chloride (NaCl) solu-
tions and simply mixed together. After mixing, the fate of the binary
suspensionis set by the salt concentration in the system. We observe
three distinct assembly behaviours that are consistent with the relative
bond energies calculated using our model. At low salt concentrations
(<4.3mM), E, ismuchlarger thanthe thermal energy k; T, causing the
particles tobindirreversibly. What follows is a catastrophic floccula-
tion that yields the macroscopic heteroaggregates shown in Fig. 1b.
Increasing the salt concentration (4.9 mM) reduces £, leading to a
less intuitive scenario whereby oppositely charged particles coexist
inastable suspension (Fig.1c).Inbetween these two regimes, we find
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Fig.2| Tunable crystallization conditions. a, Experimental phase diagram
showingthe assembly behaviour of oppositely charged PSas afunction of A,
for different brushlengths. Polymer brushes are installed by grafting or
physisorption of PEO-PPO-PEO triblock copolymers. The polymer
architecture comprisesananchoringblock (PPO) and a variable spacer block
(PEO).Errorbars (+1s.d.) of the data points are smaller than the marker size.
Thedotted lineis alinear fit between crystalline points. b, Assembly behaviour
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value of A, the corresponding Vi, minimarepresent theionicbond strength £,.
b-d, From left to right: bright field microscopy, confocal microscopy and
computer simulations of oppositely charged F108-grafted PS spheres at
Ap=6.0(b),3.0(c)and 4.5(d).Scalebars, 4 um.

anarrow window of salinities in which oppositely charged particles
behave as modelions, self-assembling into perfectly ordered ionic
solids (Fig.1d). The emergence of vibrant structural colours within a
sample (Extended Data Fig. 1, Supplementary Video 1) easily reveals
this ‘Goldilocks zone’, which—assuming a brush length L =10 nm for
Pluronic F108—is characterized by bond energies of about 8k; 7. When
left undisturbed, the oppositely charged particles condense within
hours from mixing, forming millimetre-sized crystalline solids in a
matter of days. Particles with stronger attractioninitially produce gels
that cananneal over time into crystalline phases (Extended Data Fig. 2).
Although theresultant crystal domains are smaller than the ideal case,
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of oppositely charged F108-PS colloids as a function of A, for different pH
values. The colour gradient corresponds to the ionicbond energy £, calculated
assumingabrushlength L =10 nm. The pH affects the surface potentials
(Y_and ¥,, inset) of the particles, whichin turnset theamplitude of the
electrostatic attraction. Error barsare +1s.d. Crystallization occursalonga
constantenergy line (dotted) across abroad range of pH values. When the
opposite chargeislost (hereat pH11.3) the suspension remains dispersed.



Fig.3|Fixed crystals. a, Fixed ionic colloidal crystals canbe safely dried and
manipulated. Left, a collection of millimetre-sized iridescent monocrystalline
solidsembedded inamatching refractive index epoxy resin (Supplementary
Video4). Middle and right, optical (middle) and SEM (right) micrographs
showing the characteristic rhombic dodecahedral habit of a fixed CsCl crystal.
b-e, Electron microscopy analysis reveals the exact structure of aseries of
ionic crystals formed at different S values, including CsCl (b), AIB, (c), K,Ce, (d)

thisdemonstrates that even when particles seem to aggregate chaoti-
cally, they remain sterically stabilized and continue to reconfigure,
albeit slowly. In addition to direct visual clues, the nucleation and
growth of ionic solids can be followed in much greater detail by in situ
confocal microscopy, which allows differentiation between positive
and negative species using two different fluorescent dyes (Fig. 1b-d,
centre). Molecular dynamics simulations (Methods) further support
our simple interaction model by revealing assembly behaviour that
closely matches the experimental observations (Fig.1b-d, right, Sup-
plementary Video 2).

We perform crystallization experiments varying every ingredientin
the system, including type of particle spacer, solvent conditions and
building blocks. First, we explore the polymer-attenuated Coulombic
self-assembly (PACS) energy landscape by systematically changing the
length of the spacers. We select various polymer brush thicknesses
through a series of Pluronic surfactants—namely F108, F127, F68 and
F38, listedin decreasing length L. For each spacer, we rationally select
the screening length toreach £, of approximately 8k; Tbased on calcula-
tions fromour model, and then fine-tune the experimental conditions
until crystals nucleate. As expected, particles with shorter spacers
require higher salt concentrations (that is, smaller values of A,) torepro-
duce the same self-assembly behaviour observed for longer spacers.
Wefound adirect correlation between the spacer length and the values
of A, that cause crystallization, such that a constant ratio between the
two produces equivalentinteraction strengths (Fig. 2a). This confirms
the simple argument that well-defined separation between oppositely
charged particles allows for tunable electrostatic assembly. The linear
relationship is clear across the three longest polymers, whereas the
shortest polymer F38 fails to produce crystals, which we attribute to
displacement flocculation because of its weak anchoring. We further
test the robustness of PACS by assembling crystals under different pH
conditions, as this strongly affects the native charge of the colloids.
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and NaCl (e).Scalebars,1pm. f, SEM image showing rhombic dodecahedral
CsCl crystallites. Scale bar, 3 um. g, Left, optical micrograph of needle-like AIB,
crystalsimaged through crossed polarizers. Scale bar, 100 pm. Middle,
bright-field micrograph showing agrowing AIB, needle. Scale bar, 5 pm. Right,
SEMimage of fixed AIB, needles. Scale bar, 20 pm. h, SEM images of an
exfoliated K,Cq, bulk crystal. Scale bars, 10 pm.

Figure 2b shows that as we move away from neutral pH, one particle
typerapidly loses charge—either the positive in basic conditions or the
negative in acidic conditions. As the charge vanishes, the amplitude
ofthe electrostatic attraction decreases, causing the crystals to disas-
semble. Increasing values of A, can compensate for the electrostatic
decay, thus resulting in suspensions that crystallize at lower salt con-
centrations. By applying this criterion, crystals assemble over abroad
range of pH conditions, with limits that are set only by the isoelectric
points of the particles, beyond which the opposite charge is lost and
electrostatic attraction vanishes. Finally, we mix and match particles
of different compositions to demonstrate that PACS is not limited to
PS microspheres, but applies to virtually any water-based colloidal
system. Silica, 3-(trimethoxysilyl) propyl methacrylate (TPM) and
PS particles with sizes ranging from 200 nm to 2 um all successfully
crystallize.In particular, the versatility of the method is bestillustrated
by the formation of hybrid crystals that incorporate both solid and
liquid components (Supplementary Video 3).

The carefully balanced interactions that are required for colloidal
self-assembly are often incompatible with any chemical or mechani-
cal perturbation, requiring specific fixing mechanisms, ultimately
limiting yield and scope?*. By contrast, PACS interactions establish
interparticle bonds with aconvenient and general self-locking mecha-
nism that bypasses this issue entirely. This distinctive feature is eas-
ily understood by considering the effect of removing salt on the pair
potential of the particles. Because of the simple relationship between
Apandbond strength, crystals can be first assembled in salty water and
then allowed to gradually harden by dilution or dialysis. In particular,
we find that under deionized conditions, crystals become fixed solids,
atwhich point they canbe handled in solution and dried while retaining
crystalline order. This processisirreversible, and crystals do not disas-
semble if salt is added back to the suspension, indicating permanent
binding due to van der Waals interactions. Through this self-locking
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Fig.4 |Heterogeneous nucleation of crystals. a, CsCl crystals growingona
negatively charged glass substrate. From left to right: (100), (111) and (110)
planesareimaged by SEM (top) and confocal microscopy (bottom).
False-coloured white and red particles highlight positive and negative species,
respectively.Scale bars,1pum. Ontop of the SEMimages, the schematics
illustrate each planerelative to the unit cell of the crystal. b, Each crystal plane
templates the growth of amacroscopic crystal witha characteristic shape.
Crystals are captured by optical microscopy (top) and SEM (bottom). Scale
bars,1pum. Renderings show the three-dimensional arrangement of the
colloidalions. ¢, Optical microscopy image showing crystals growingona
negatively charged glass substrate and the relative abundance of each crystal
shape. Negative substrates favour the nucleation of crystal planes with ahigh
planar density of positive particles. Scale bar, 40 pm. Theinset shows the
regular shape of asingle crystalimaged by bright-field microscopy.d, An
increased particle-substrate bond energy leads to the nucleation of only (100)
planes. Left, bright-field micrograph of monodisperse pyramid-like crystals.
Right,an SEMimage of the fixed crystals, fully revealing their
three-dimensional microstructure. Scalebars, 20 pm.

mechanism, we are able to observe that macroscopic colloidal ionic sol-
idsgrowas single crystals and develop characteristic habits that resem-
ble those of their atomic counterparts (Fig. 3, Extended Data Fig. 3).
Dried products can be transferred to new media, such as matching
refractive index liquids or flexible epoxy resins (Fig. 3a, Supplemen-
tary Video 4).

The structure of an atomic crystal varies according to the size of the
constituentions. Similarly, the structure of ourionic colloidal crystals
isdetermined by the size ratio () of the building blocks. For fbetween
0.95and 0.81colloidal crystalsisostructural to caesium chloride (CsCI)
nucleate, which rapidly develop with arhombic dodecahedral habit
(Fig.3b, f), composed of faces from the (110) plane. At lower S values,
the nextstructure observed occurs at 5=0.61, forming the aluminium
diboride (AIB,) crystal structure, which develops with a characteris-
tic needle-like habit® (Fig. 3c, g). At 8= 0.53, an exotic K,C, phase is
observed, which, when fractured, reveals large sheets of its (110) planes
(Fig.3d, h, Extended DataFig.4). Finally, = 0.47 results in the nuclea-
tion of crystals with a familiar NaCl structure (Fig. 3e).

Inaddition to homogeneous nucleation from bulk suspensions, crys-
tals canreadily assemble via heterogeneous nucleation against charged
substrates. This second self-assembly route allows us to bias the crystal
growthalong specific crystallographic directions, effectively shaping
the growingsolids. Thisisillustrated in Fig. 4a (see also Extended Data
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Fig.5),inwhich CsCl planes are selected by a negatively charged glass
substrate—namely the (100), (111) and (110) planes—in descending
order of planar density of positive particles. Each plane templates the
growth of CsCl crystals with a specific orientation, resulting in their
speciationinto three distinct crystal types with characteristic colours
andshapes; yellow squares (100), green hexagons (111) and pink hexa-
gons (110) (Fig. 4b). Specific colourationin the species arises from the
uniformly oriented crystals scattering light at the same angle. Counting
the species based on colour and shape allows rapid determination of
therelative yields, where substantially more (100) planes are nucleated
due to their higher density of positive particles, followed logically by
the (111) and (110) planes. Substrate influence is more pronounced
when the interaction strength is increased, leading to the formation
of purely (100) planes. We conclude that differing crystalline pyramids
can be selected to self-assemble by surface attraction in experiments
and simulations (Fig. 4c, Extended Data Fig. 5).
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Methods

PACS model
We estimate the repulsive potential V, in Fig.1a using the Alexander-de
Gennes polymer brush model** 2

3 1 u
V _16émrl’o> 20\ 20 h\)* h
KT~ 35 |2 [h) Nt [2Lj +12[2L 1) C

O0<h<2L

wherethePSradiusris measured by electronmicroscopy (rsg =250 nm),
thethickness of the F108 brush L is taken equal to 10 nm (ref.”’) and the
polymer surface density gis estimated as 0.09 poly(ethylene oxide)
(PEO) chains per nm? (ref. 2®). The attractive electrostatic potential
V;is obtained by approximating the surface potentials of the particles
(W, and ¥_) with the measured zeta potentials (+39 mV and -59 mV,
respectively).

Colloidal model systems

The principal model systems consist of PS particles synthe-
sized via surfactant-free emulsion polymerization. For example,
600-nm-diameter positive spheres were made from a single-step
reaction comprising 500 ml of deionized water, 50 ml of styrene
monomer (299% from MilliporeSigma) and 0.5g of the radical ini-
tiator 2,2’-azobis(2-methylpropionamidine) dihydrochloride (97%
from MilliporeSigma). All the ingredients were mixed in a three-neck
round-bottom flask, heated to 60 °C and stirred at 330 rpm under nitro-
gen overnight. After the reaction had concluded, the particles were
washed viarepeated sedimentation and resuspension cycles. Control
over the PS size was achieved by varying the monomer concentration,
reaction temperature or reaction time. Negatively charged PS par-
ticles were produced in the same fashion, replacing 2,2’-azobis(2-m
ethylpropionamidine) dihydrochloride with an equivalent weight
amount of potassium persulfate (=99% from MilliporeSigma). Fluo-
rescent labelling of the PS systems was achieved by a swell-deswell
method. Inbrief, fluorescent dyes dissolved in tetrahydrofuran (THF)
were added to particles stabilized with Pluronic F108 (MilliporeSigma)
toafinal concentration of 30% v/v THF, then diluted by a factor of five
before washing the particles viamultiple sedimentation and resuspen-
sion cycles to set them in pure water. The fluorescent dyes used were
rhodamine-labelled aminostyrene and 7-nitrobenzo-2-oxa-1,3-diazole-
2-(methylamino)ethanol. Rhodamine-labelled aminostyrene was
prepared by adding 48 mg of rhodamine B isothiocyanate (mixed
isomers from MilliporeSigma), 12 mg of aminostyrene (97% from Mil-
liporeSigma) and 0.1 ml of tetramethylammonium hydroxide (25 wt%
inwater from MilliporeSigma) to 200-proof ethanol (10 ml), and stirring
the mixture overnight, which was then stored at 5 °C. Monodispersed
oil droplets used in the assembly of liquid—solid composite crystals
(Supplementary Video 3) were prepared through the condensation of
3-(trimethoxysilyl) propyl methacrylate (TPM, >98% from Millipore-
Sigma), by adding 80 pl of ammonia (28 wt%) to 320 ml of deionized
water, followed by the addition of 600 pl of TPM. This mixture was
magnetically stirred for1h, which resulted in the nucleation and growth
of droplets of approximately 1pmin diameter. Fluorescent labelling was
achieved withrhodamine B isothiocyanate, coupled to 3-aminopropyl
trimethoxysilane for covalent binding to the TPM network. The drop-
lets can be used directly or solidified via a radical polymerization. To
use the liquid droplets directly, the emulsion was gently centrifuged,
the supernatant removed and the droplets resuspended in deionized
water. This wash cycle was repeated three times. To solidify the TPM
particles, 20 mg of azobisisobutyronitrile (98% from MilliporeSigma)
was added to the suspensions and gently stirred for 5 min; then the
suspension was leftinasealed container at 80 °C for 4 h. The particles
were then washed in the manner described above.

Self-assembly of ionic colloidal crystals

Positive and negative PS spheres were separately equilibrated inasolu-
tion containing 0.03 mM of Pluronic F108 and the desired amount
of NaCl, typically 3-5mM. After 1h, the suspensions were rapidly mixed
together while vortexing and then allowed to crystallize undisturbed
invarious containers (for example, glass vials, NMR tubes, Eppendorf
centrifuge tubes or Petri dishes). Occasionally, samples were sealed
in glass capillaries (VitroCom) and monitored over time via optical
microscopy. Capillaries were pretreated with a hydrophobizing agent
to facilitate the formation of a polymer brush when exposed to Pluronic
solutions. The typical hydrophobization protocol consisted of a20-min
exposure to trichloromethyl silane vapour inside of a moisture-free
sealed chamber.

Assembly experiments involving particles with different brush
lengths were performed using PS with grafted polymers. While not
necessary for the successful assembly of crystals, grafting ensures
that particles maintain afully saturated surface regardless of polymer
solubility. This allows for afair comparisonbetween particles that carry
different polymer spacers. Pluronic surfactants were permanently
grafted to the surface of PS particles via aswell-deswell method®. The
specific surfactants, namely, F108,F127 and F68, were added to the PS
suspensions at their critical micelle concentration (3.4 mM, 0.8 mM
and 20 mM, respectively), then THF was added to the suspension to a
final concentration of 50% v/v. The suspensions were left to equilibrate
for1h, and the THF was diluted to below 5% v/v before washing the
particles via centrifugation and resuspension. A polymer solution at
the critical micelle concentration was used for the first wash until the
THF wasreduced to below 1% v/v, then particles were finally setin pure
water after three more wash cycles. Pluronic F38 was not grafted to the
particles because it failed to produce crystals even when present in
high concentrations (-3 mM). We believe that F38 is too small to serve
as an effective spacer for our PS model system, so it was not further
investigated. The assembly of polymer-grafted PS followed a similar
protocol asfor the assembly of PS with physisorbed polymers. Typically,
two PS suspensions (for example, 3 wt% 550-nm-diameter negative
PS and 1.6 wt% 450-nm-diameter positive PS) with the same grafted
polymer were equilibrated for 30 minin an excess of that polymerata
concentration of 80 uM and at avariety of salt concentrations based on
the desired A,,. After equilibration, the oppositely charged suspensions
were rapidly mixed and immediately sealed in hydrophobized capillar-
ies using hot wax. The capillaries were left undisturbed for12 h, at which
time the assembly behaviour was observed via optical microscopy.

Our assembly strategy was successful with different types of poly-
mers as long as they provided adequate spacing. The triblock copoly-
mers described above have an A-B-A architecture, PEO-PPO-PEOQ, in
which the central PPO block serves as the polymer anchor. We assem-
bledioniccolloidal crystals, however, also using the polymer Brij s100,
which hasan A-B structure comprisinga100-unit PEO tailand a stearyl
head group. Notably, crystallization occurs at an equivalent salt con-
centration to Pluronic F127, which has equivalent length PEO chains,
suggesting Brij forms a polymer shell of similar thickness.

Fixing crystals

Bulk samples have their supernatant slowly diluted with deionized
water, avoiding large-scale flows and shear that would affect the sedi-
mented crystal. The supernatant can be carefully exchanged, removing
allthesalt, at which point crystals are robust enough to be resuspended
and dried. Crystals inside of sealed capillaries are fixed by submerg-
ingthe capillaryin deionized water, and breaking the capillary’sends,
taking caretonot disturb the product asmuch as possible. The sample
is allowed to equilibrate overnight, then removed to dry slowly for
another day. The capillary can thenbe opened by scoring the sides with
aglass cutter and cleaving off the top, exposing the fixed crystalline
product. Epoxy resin (Norland 73) can be poured directly onto fixed
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dried crystals. Bubbles can form as the resin permeates through the
crystal, so the infusion was allowed to proceed for typically 15 min to
allow air bubbles to evacuate. The resin was then polymerized through
Sminof ultraviolet light exposure.

Imaging and characterization

Optical images and videos were acquired using a Leica DMI3000
inverted microscope equipped with differential interference con-
trast optics and ahigh-resolution camera (Hamamatsu ORCA Flash4.0
sCMOS). Assembled crystals were typically imaged through crossed
polarizersusingaNikon D5300 camera optically coupled to the micro-
scope. Fixed crystals wereimaged by electron microscopy using a MER-
LIN (Carl Zeiss) field emission SEM. Fluorescentimages were taken using
aleicaSP8 confocal microscope. Zeta potentials were measured using
aMalvern Zetasizer Nano ZS.

Computer simulations

Simulations were performed using HOOMD-blue v2.5 (compiled in
single precision)®, using a single graphics processing unit. The pair
interaction between two particles of types N (negative) and P (positive)
with radius ry and r, was defined by adding V; to the potentials given
by equation (1), using HOOMD-blue’s tabulated potential option (with
1,000 interpolation points between the close touching distance, ry+rp,
and rN+r,+20A,). For the stericrepulsion term, we use abrush length
L=10nm, and abrush density 6=0.09 nm™. For the electrostatics, we
used surface potentials ¥_=-50 mVand ¥, =+50 mV, adielectric con-
stant of 80 and amixingrule for the pre-factor r =2/(1/ry+ 1/r). Unless
otherwise stated, simulations were initiated as having 8,000 spherical
particles on a simple cubic lattice such that the packing fraction s ¢,
with random assignments of particle type. Values of ¢ of either 0.001
or 0.003 tended to give agood amount of nucleation while still leaving
enough free particles to assemble some crystals. Heterogeneous
nucleation onacharged surface was modelled by adding an attractive
Lennard-Jones wall for N (P) particles in the centre of the simulation
box pointing up and down, with Lennard-Jones parameters 0 = 2ry,
and atunable ¢. For Extended Data Fig. 2e, we also added a repulsive
potential to the other particle of type P (N) with the same parameters

but where the potential was shifted up and cut off at its minimum
distance r=2"gpy,.

Data availability

The data that support the findings of this study are available from the
corresponding author onrequest.
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Fixed & Dried

Extended DataFig.1|Iridescent macroscopicsingle crystals. a, Single
crystals with millimetre diameters visible on the bottom of a10-cm Petri dish.
Boundariesbetween single crystals are clear through the uniformly coloured
regions of the Voronoi pattern that forms. b, The crystallinity of the bulk
sedimentis visible throughiridescence when left undisturbed. At 5mM of NaCl,
theassembly is still reconfiguring and delicate. After fixing through dilution
and slowly drying, the hardened sediment retainsiridescence, denoting
retention of crystalline order. Inair versus water, iridescenceis muted due toa

large refractive index mismatch. c, Fixed crystals dispersed and freely floating
in density matched water (Supplementary Video 4). Slow rotation of the
crystalsreveals their colouration’s angle dependence, displaying vibrant and
uniformly colouredred, green, and blueiridescence asthey rotate.d, SEM
micrograph of asingle crystal, examined at high magnification at four
locations across the surface of the crystal. At eachsite, the crystal displays the
same crystallographic plane and angle, demonstrating that the whole crystalis
inregister.Scalebar,100 pm. Scale bar of high magnification sites, 5 pm.
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Extended DataFig.2|Crystalsannealing with strong electrostatic Images were taken at1min (a), 5min (b) and 20 min (c). d, After 24 h, the sample
attraction.a-c,A20-mintime lapse of particles calculated to have a potential hascrystallized. e, Crystals produced in this manner display the (100) plane due
well depth of 12kT. Coagulation occursimmediately after mixing and tothestrongelectrostatic attraction to the negatively charged substrate. Scale

disordered heteroaggregates rapidly sediment. Althoughnoorderispresent,a  bars,10 pm.
small degree of reconfiguration can be observed on the single-particle level.



Extended DataFig. 3| Crystal habits. a, SEM micrographs of crystal facets
fromarhombic dodecahedral CsClionic colloidal crystal. Scale bars, 10 pm.

b, Left, SEM micrograph of small CsCl crystals with dodecahedral habit. Close
inspectionreveals sides comprised of the (110) plane. Scale bar, 10 pm. Right,
opticalmicrograph of CsCl crystals. Scale bar, 100 pm. ¢, Left, SEM micrograph

ofan AlB,needle. Closeinspection reveals crystals growing with arailroad
pattern characteristic of their (1010) plane. Scale bar, 3 um. Right, optical
micrograph of needles growing aligned inbunches and reveal the same colour,
insetsofred and greens depending on the angle of orientation. Scale bar,

120 pm.
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Extended DataFig. 4 |Layered pattern of K,Cy, crystals. SEM micrographs of abulk K,C,, ionic colloidal crystal captured at increasing magnification. Cleavage
ofthe crystals reveals sheets of the (110) plane. Scale bars, 5 pum.
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Extended DataFig. 5|Substrate chargeinfluence on heterogeneous
nucleation of crystals. a, Schematic of substrate charge influence, where the
(100) plane of either charge grows on an oppositely charged substrate. Bottom
left, (100) plane of positive (white) particles growing on a naturally negatively
charged glass substrate. Bottomright, glass surface treated with aminosilane
for positive charge nucleates anegative (100) plane. Scale bars, 6 um. b, Bright
field microscopy image showing a macroscopic crystalnucleatedona
negatively charged substrate. The magnified inset reveals the characteristic

patternofthe (100) planein contact with the substrate. ¢, Image of faceted
CsClcrystals that nucleate spontaneously in simulation, where A, =4.5nm,
ry=500nmandr,=430nm.d, Heterogeneous nucleation is observed whena
model attractive surfaceisadded under the same conditionsasb. The
attractive surface hasastrength of e = 5k;Tfor positive particles. e, Structures
heterogeneously assembled relative to these facets were observed withan
attractive and repulsive strength of e=3kzTand withanincreased size of N
particlessuch that the ratio of oy/0,=1.24.
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