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ABSTRACT

Molecular simulations are performed to study the self-assembly of particles with discrete, attractive interaction sites — “patches” — at prescribed
locations on the particle surface. Chains, sheets, rings, icosahedra, square pyramids, tetrahedra, and twisted and staircase structures are
obtained through suitable design of the surface pattern of patches. Our simulations predict that the spontaneous formation of two-dimensional
sheets and icosahedra occurs via a first-order transition while the formation of chains occurs via a continuous disorder-to-order transition as
in equilibrium polymerization. Our results show how precise arrangements of patches combined with patch “recognition” or selectivity may
be used to control the relative position of particles and the overall structure of particle assemblies. In this context, patchy particles represent
a new class of building block for the fabrication of precise structures.

Next generation materials and devices composed of nano- One emerging approach to confer upon nanoparticles
scopic building blocks tailor-made for specific applications predetermined “instructions” for assembly is to anisotropi-
will not be fabricated via traditional methods. Instead, they cally decorate the surface of the particles with synthetic
will self-assemble through processes that do not require organic or biological molecules. This strategy may be
human intervention and in which instructions for assembly considered biologically inspired because it takes the concepts
emerge from the nature of the forces acting between abstracted from self-assembly of biological systems, where
constituents. In traditional self-assembled materials such asthe precision of assembled structures originates in the
block copolymers and surfactants, free energy minimization precision of the interactions between the constituents, and
drives the emergence of structures that are often polydisperseédpplies them to the self-assembly of particles into specific
and irregular. In contrast, biological molecules such as virus Structures and working devicés.

capsid proteins assemble into highly monodisperse and Several examples of this type of directional assembly may
precise structures such as icosahedra in HIV (human immu-be found in the literature. For example, polyhedral, plate-
nodeficiency virus) and helical cylinders in tobacco mosaic like gold particles with chromium- or platinum-coated faces
virus. Future materials and devices for photonics, molecular Were functionalized by hydrophobic Germinated self-
electronics, drug delivery devices, and sensors require the@ssembled monolayers (SAMs) or hydrophilic OH-terminated
self-assembly of synthetic nanostructures with the precision SAMs> When the particles are added to water, the hydro-
and reliability of biological self-assembly. Despite enormous Phobic surfaces organize so as to minimize their contact with
advances in the synthesis of a wide assortment of inorganicth® surrounding liquid, which drives the particles to assemble
and organic nanoscopic building blocks of various shapes Nt highly organized one-, two- and three-dimensional
and sizes, such as quantum degemiconducting nanorods, structures. Due to the specific shape of the particles and the

and Buckyballg,control over their assembly into precise and aSymmetric interactions patterned on their surface, the
predictable structures such as sheets, shells, and wirednteractions between particles are selective and directional,

remains the primary obstacle to the bottom-up construction resulting in as_sembled structures with substantially fewer
of novel materials and devices from these building blocks. defects than via convgnt_lon_al sc_elf-assemply met_hods. Be-
Attaining such control requires several achievements, mostcause of experimental limitations in decorating particles with

notably elucidating the interactions between nano building precise pa“efns_ of mterac_tlons, mqst of the examp!gs in the
blocks, gaining control over these interactions, and under- literature are limited to particles of micrometer and millimeter

standing how specific types of interactions lead to specific Slz:t?érﬁii Ce?rt]g’Szc:gzgr;)?rnegopgggzz ?oasm t(;(ra:n rrgc?igZI n
target structures. P g p p y

control their interactions. For example, Janus particles have
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mixtures of ligands that self-assemble on the particle surfacewhat structures will form from nanoparticles with a particular
into regular patterns as small as 5 A, imparting a controllable, surface pattern of attractive and repulsive interactions.
repeating pattern of hydrophobic and hydrophilic interactions  |n this paper, we propose a simplified model of patchy
to the surfaces of nanoparticlés. particles suitable for simulation of particles of arbitrary shape,
There are also many examples of functionalizing the and carry out a series of simulations to investigate the
surfaces of nanoparticles with DNA oligonucleotides, geneti- relationship between interaction “patchiness”, particle shape,
cally engineered proteins, and antibody/antigen jSaifsThe and the self-assembly of target structures from small numbers
complementarity of these biomolecules provides a “lock- Of particles. We demonstrate that specific arrangements of
and-key” specificity that has been used to direct the assemblyattractive patches may be used to direct the organization of
of nanoparticles into aggregates by changing temperature,particles from a disordered state into unique structures such
solvent pH, salt concentration, and other variables. The @s chains, sheets, rings, and icosahedra. Our results suggest
structures of these aggregates, however, have not yet reachefiat the strategy of decorating the surfaces of particles in
the level of complexity characteristic of biological structures. Precise patterns with molecules whose interaction promotes
Nor are they as complex as the structures (e.g., wires, sheetsdn anisotropic association among particles may indeed
shells) needed for many nanotechnology applications. Two prov_lde a_potentlall_y universal way to rationally self-assemble
major factors in this lack of higher order appear to be the particles into predictable, precise, ordered structures.
imprecision in the number and location of the ligands on  Here we propose a “minimal” model of particles interact-
the nanoparticle surface and the lack of offsetting forces ing with strongly anisotropic, directional interactions arising
capable of positioning the agglomerated particles relative to from discrete, attractive patches on the particle surface.
one anotheta Because self-assembly typically requires long simulation

Even in the absence of ligand functionalization, “patchy” times, it is computationally necessary to use a coarse-grained

interactions may arise between nanopatrticles. For example,rnOdeI 'ntV\('jh'Eh groqpsl of atoms W|th|n ;h? fart,',dfﬁ arz
in nanopatrticle synthesis, the nanoparticle size and shape aré&;g;eﬂs epeguciny ?heSIQ\?eeréLIIC Eﬁﬁgé?rgnircez ?hrgt’mu(;ebg
often controlled by stabilizers such as thiols, phosphines, ord y 9

carboxylic acids. Recent studies indicate that the distribution computed for each time step while retam_mg enqugh granu-
. - " T . larity to represent the patchiness of the interactions. In our
of organic molecules within the stabilizer coating is aniso-

. . . model, particles are composed of spherical subunits (“atoms”
tropic and inhomogeneod%,’” and observations of the P b P ( )

N blv of icles into hiahlv ord dofdiametero, separated by a distante= ¢, frozen into the
spontaneous assembly of nanoparticies into highly orderedy . q; .o particle geometry. For computational efficiency, only
structures have been reported. For example, Kotov and co-

K b dth ¢ ¢ i Fwi hai the outermost layer of surface “atoms” is retained and the
workers observed the spontaneous formation of wires, chains; .1 «atoms” are not considered. An example of a

and fzhlsets in suspensions of thiol-coated CdTe nanoparg,erical particle with two, diametrically opposed, attractive
tlclt_as A7and att-rlbuted th.I.S to inhomogeneitiespatchiness “patches” is shown in Figure 1a (patches are colored red).
— in the coating. Additionally, the geometry of small g jnteractions between experimentally realizable patchy
particles, which can deviate significantly from a generic haricles are diverse because they depend on the material
spherical shape, can induce orientation-specific interactionscomprismg the patches, particles and solvent. The particles
at nanometer scaléélt has been argued that exceptionally \ye consider may contain tens to millions of atoms depending
large dipole moments arising apparently from the nearly on, their size and composition, and the patches may represent,
tetrahedral shape of small CdSe or CdTe nanoparticles ine'g_, as few as one or several complementary biomolecules
water induces their self-assembly into chains and rihgs?* or as many as thousands of organic molecules that interact
reminiscent of certain assembled protein structétes. via van der Waals forces, again depending upon the particular
From a theoretical standpoint, all of these (either intention- system considered.
ally or unintentionally) “patterned” particles may be viewed  Here we seek to understand general features of self-
as a general class of particles interacting with strongly assembly, rather than to model any one specific system. To
anistropic, highly directional interactions in which effectively this end we apply empirical pair potentials between “atoms”
attractive “patches” induce the assembly of otherwise neutralthat model weak, long-range attractive (Lennard-Jones
or repulsive particles into ordered structures. This class of characterized by interaction “strengtla) and excluded-
“patchy particles” also contains some natural, biological volume (soft-sphere, Week&€handler-Anderson) inter-
macromolecules, for example, globular proteins, which, to actions?*2> For selective patches composed of, e.g., as-
crude first approximation, may be described by otherwise sociating organic ligands or complementary molecules such
non- or weakly interacting particles with hydrophobic, as DNA? the “atoms” within the patches are of two types
effectively attractive, patches. In all cases, the extent of the with attractive interaction only among atoms on other
atoms or molecules comprising the patches is smaller thanparticles of the same or complementary type. In this way,
the size of the particles, and the patches are discrete andecognition and directionality are imparted to the interactions.
limited in number. In appropriate solvent conditions, particles ~ Several models exist that consider the effect of direction-
will organize themselves to maximize favorable, and mini- ality of short-ranged attractive interactions of particles on
mize unfavorable, contacts between them. The primary bulk phase behavidf2° These models have in common the
challenge for nanotechnology is then to ascertain preciselyintroduction of a single artificial potential that depends on
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Figure 1. Model patchy particles studied in this work. (a) Side view of patchy sphere with two diametrically opposed circular patches. Red
beads represent coarse-grained “atoms” in the patches. Yellow beads represent the rest of the particle. (b) Axial view of the patchy sphere
in 1a. (c) Patchy sphere with four circular patches arranged in an equatorial plane on the four vertices of a square. (d) Axial view of sphere

with ring-like patch on the equator. (e) Side view of the ring-like patch in 1d. (f) Axial view of patchy sphere with patterned ring-like patch.

(9) Axial view of patchy sphere with patterned ring-like patch. Note the pattern of the patch is different from 1f. (h) Patchy sphere with

two linear patterned patches. The angle between the patches with respect to the center of the &ph&rg5s (i) Patchy sphere with two
linear patterned patche8;= 27/6. (j) Patchy sphere with patch of double rings. The rings are shifted off the equatorial planeby sin
sin(/6)/sin@e/5). (K) Patchy sphere with patch of double rings atsi sin(/6)/sin¢/4). () Patchy sphere with patch of double rings at

sing = sin(z/6)/sin@r/3). (m) Triangle plate with patches on the three edges. (n) Top face of patchy triangle plate with linear patterned
patches on the two faces. Bottom face is flipped around a vertical axis with respect to the top vertex. (o) Top face of patchy triangle plate

with V-shaped patches on the two faces. (p) Bottom face of patchy particles in 1o.

both the distance between particles and relative orientations We use Brownian dynamics, a stochastic molecular
of particles. Such models are well suited to spherical particles dynamics method, to simulate an isothermal system in which
with symmetric, regular patches, but are cumbersome for solvent is included implicitly through the choice of interac-
modeling nonspherical particles or irregular patches. An tion potentials and drag and thermal noise teffi$At each
important advantage of our model at the expense of time step, frozen subunits move together as a rigid object
considering additional “atoms” is that modification of the using the method of quaternioffs* Each of the simulations
model to arbitrary shapes requires no modification of any is carried out at a fixed volume fractiop = NVy/V of
force fields, but simply a straightforward change in the particles in a cubic simulation box to which periodic
particle geometry. The “atoms” comprising the particles may boundaries are applied, whexkeis the number of particles,

be assigned arbitrary interactions to model attractive or V;is the volume of a single particle, aids the total system
repulsive patches for the particular system under consider-volume. The system sizes are small enough to achieve
ation, at any level of detail required. In this way, directional, equilibration in a reasonable amount of time and large enough
anisotropic interactions are very simply and flexibly included. to avoid finite size effects in the local structure. Structures
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Figure 3. Assembled structures formed by patchy spheres in

Figure 2. Equilibrium structures formed by the patchy spheres in Figure 1c. (a) Disordered state formed by 80 patchy spheres.
Figure 1a. (a) Disordered state formed by 120 patchy spheres.0-20,Nr = 90,D = 50, Npar= 4 x 7, kT/e = 1.67. (b) Side view

Volume fraction of sphereg = VgpherebVsystem= 0.20. Number of
beads in each sphelg = 90, diameter of spherd3 = 50, number
of beads in patchep, = number of patches number of beads

of sheets formed &T/e = 1.0. The other parameters are the same
as in Figure 3a. (c) Face view of sheets in Figure 3b.Hgdys

kTl/e. For the equilibrium structures, the cooling rate and starting
configuration are found to be irrelevant for the final assembled

in each patch= 2 x 7, dimensionless temperatuk@&/e = 2.5. (b) o<
Short chains formed dT/e = 1.0. The other parameters are the ~Structure, as expected for global, and not local, equilibrium states.
same as in Figure 2a. (c) Long chains forme&®t = 0.5. The The structures obtained in the transition region are metastable states.

other parameters are the same as in Figure 2a. (d) The ensemble-

averaged equilibrium potential energy per partigjevs kT/e. The neither hysteresis nor discontinuity, again as expected in
square open symbols represent equilibrium energies obtained on

cooling and the square solid symbols represent those obtained Onanalogy with equilibrium pqumenzauon.
heating. The error bars indicate the ensemble standard deviation. The self-assembly behavior changes when the number of

patches is increased to four (Figure 3). Here, the four patches
are arranged in an equatorial plane on the four vertices of a
square, as in Figure 1c. Figure 3a shows the disordered, fluid
phase of particles formed kt/e = 1.67 andp = 0.20. When

kT/e decreases to 1.0, sheets form in which the particles pack

with one- or two-dimensional periodicity can reorient within
the box so as to achieve the equilibrium spadiignd the
local arrangement of particles within “terminal” or closed

structures is unaffected by the weak correlations betweenin square arrays (Figure 3iz). A plot of E, vs KT/e obtained

assembled units at the volume fractions studied. Self- both on cooling and heating shows an abrupt drdigTat =
asse_mbled _struct_ures are obtained both on cooling andl‘09 (cooling) and rise &fT/e = 1.14 (heating), respectively,
heating to investigate the nature of the disordender i, qicating a fairly sharp transition from disorder to order and

transition, using between four and 10 different initial \jce versa. Both the sharpness of the transition and the
disordered or ordered configurations per state point, andpysteresis in the location of the transition are typical of a

several different cooling and heating rates. The volume st order transitiorf222This is in contrast to the continuous
fraction and target dimensionless temperatéiéc are  aqqregation observed above in the formation of chains.
selected to produce a specific structure based on the surface The above two examples considered particles with spheri-

pattern of patches considered. cal, nonrecognitive patches. We next consider more complex

Figure 1 shows the patchy spherical and triangular particles arrangements and types of patches. Figures 4a and 4b show
studied in this work. Figure 2ac shows the equilibrium  the assembled structures formed by spheres with attractive
structures formed by dilute solutions of the patchy spheres equatorial ring-like patches (Figure 1d,e). Whdite = 1.0,
shown in Figure 1a,b at three different valuek®dfe. In all the spheres form sheets as in Figure 4a,b. Instead of a square
cases the patches are the only attractive portions of thearray, however, the particles pack in a hexagonal array to
particles. From this particular pattern of patches, we expect minimize the free energy. Figure 4c,d and 4e,f show
the particles to organize into chains in analogy with equi- structures again formed by spheres with equatorial ring-like
librium polymerizatior? Indeed, ag decreases, we observe patches, but where there are two types of spheres: one with
a continuous aggregation of particles into chains whose a ring-like patch composed solely of molecules of type A

average size increases smoothly with decreasifigigure
2a—c). The equilibrium potential energy per partidg vs
kT/e calculated on cooling and heating (Figure 2d) shows

1410

and the other with patches composed of two kinds of
molecules B and C arranged in a regular pattern (Figure 1f,g).
Here, A (red) and B (green) represent complementary patches
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Figure 5. Equilibrium structures formed via self-assembly by
patchy spheres with linear patches (Figure 1h,i) and double rings
(Figure 1j,k,l). (a) Rings formed via self-assembly of patchy spheres
in Figure 1n.N; = 90,D = 50, Nyt = 2 x 6. ¢ = 0.20,N, = 90,
Figure 4. Equilibrium structures formed by patchy spheres with KT/€ = 0.33. Each ring contains five spheres. A snapshot of a single

ring-like equatorial patch. (a) Side view of sheets formed by 100 fing is shown in the inset. (b) Rings formed via self-assembly of
patchy spheres in Figure 18k = 58, D = 40, Ny = 1 x 12. ¢ patchy spheres in Figure 1i. The parameters are the same as in

= 0.20,kT/e = 0.5. (b) Face view of a single sheet from Figure F'|gure '_5a. _Each ring contains six spheres. A snapshot view of a
4a. (c) Side view of sheets formed by binary patchy spheres. The single ring |s_shown in the inset. (c) lcosahedra formed by pz_ﬂtchy
system contains 33 patchy spheres as in Figure 1d and 66 patchysPheres in Figure 1N = 90, D = 50, Npar = number of beads in
spheres as in Figure 1f. The other parameters are the same as iff'9€ ring+ number of beads in small ring 15+ 12=27.¢4 =

4a. (d) Face view of a single sheet from 4c. (e) Side view of sheets 0:20,No = 24, kT/e = 0.88. (d)E, vs KT/e for patchy particles in
formed by binary patchy spheres. The system contains 25 patchyF|QU(g 1j, WhICh. fqrm icosahedra. The structure obtalneq in the
spheres as in Figure 1d and 75 patchy spheres as in Figure 1g. Thédransition region is likely metastable, although the structure is stable

other parameters are the same as in 4a. (f) Face view of a singlefor the duration of the simulation; all other structures are indepen-
sheet from 4e. dent of starting configuration and cooling rate and thus represent

global equilibrium structures. (e) Square pyramids formed by patchy

. spheres in Figure 1Koy = 13 + 9 = 22. The other parameters
of molecules (such as complementary base pairs of DNA) are the same as in Figure 5c. (f) Tetrahedra formed by patchy

and thus are attractive to each other but not to themselves.Spheres in Figure 1Ny = 12 + 7 = 19. The other parameters
C (black) represent nonselective patches of molecules, andare the same as in Figure 5c.
interact attractively only with themselves. Although both
systems form hexagonally ordered sheets, the two kinds ofnanoparticles are desirable for nanoelectronics and complex
patchy spheres (Figure 1f,g) arrange themselves on differentmaterials® By designing two attractive patches in the
sublattices within the sheet. We anticipate that the particular equatorial plane of a spherical particle at a relative azimuthal
arrangement of particles within the sheet will depend on the anglef < 18, rings should be possible, but we find this
fraction of the two particles and the relative range of to be the case only if some directionality is imparted to the
interactions, as observed for a binary system of particles in patches that maintains a constant handedness in the particle
an electrostatic field33 arrangement. Figure 5a shows rings that self-assemble from
The above examples demonstrate the self-assembly ofspherical particles with two linear patches as in Figure 1h.
nonterminal 1D and 2D structures from particles with both To impart directionality, two types of molecules are included
selective and nonselective directional interactions. What is in each patch. At lowT, interactions between molecules of
needed to self-assemble more complex structures characterthe same type (indicated by color) are favorable and those
ized by a predetermined number of particles arranged in abetween different molecules are unfavorable. From the
precise way? For example, ring structures formed from position of the attractive patches in Figure 1h, we expect
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that the particles will arrange into rings and each ring will a b
contain five spheres. By changing the angle between the
patches the diameter of the ring can be controlled. Figure
5b shows rings composed of six particles patterned as in
Figure 1i.

By imparting directionality in the same way to ring-like
patches shifted off the equatorial plane, we obtain self-
assembled, complex, three-dimensional structures. Figure 5¢
shows icosahedra formed by spheres with a patch of double
rings (Figure 1j). Although virus assembly is considerably
more complicated, our results demonstrate that simple surface
patterns in the interactions between particles can lead to
virus-like structure$® The melting behavior shown in Figure ¢
5d indicates the self-assembly of icosahedra occurs via a first-
order transition, as found for sheets. Such transitions are alsc
found in atomic clusters. For example, 13 argon atoms
interacting via a LJ potential are known to form stable, close-
packed icosahedra, and the melting hehavior of these cluster:
shows pronounced features of a first-order transitiom?
Whereas in atomic icosahedral clusters the forces betweer
atoms are uniform, isotropic, and spherically symmetric, the
icosahedra observed here arise solely from the directionality
and specificity of the forces between anisotropic patches on
the surfaces of otherwise nonattractive particles. By simply
altering the positions of the patches (Figure 1k,I) polyhedra Figure 6. Equilibrium structures formed by patchy triangle plates.
such as square pyramids (Figure 5e) and tetrahedra (Figur a) Slde_wew of sheets formed by patchy triangle plates_m Figure

. m. N = 36, edge length of the triangle plate= 50, Npa = 12,
5f) are obtained. ¢ = 0.20,N, = 100, kT/e = 0.5. (b) Face view of a single sheet

Our model is easily modified to study the assembly of from 6a. (c) Twisted structures formed by patchy triangle plates in
nonspherical particles, such as ré8& cubes®t and  Figure In.Ny =132,L = 130, Npar= 2 x 6. ¢ = 0.20,N, = 100,
plates??43As an ex_ample, we_consider triangular plates such :(T/f:i;u?'ezi' O(dp)f tzmﬁf ,S\lt::ft:urg s)(fo;ﬂ?/?y:p%t%r?y;ﬂzng:ﬁ é:)rlates
as those reported in ref 44. Figure 6a,b shows self-assemblegharameters are the same as in Figure 6c.
structures formed from triangular plates with patches on the

edges of t he plates. When the three_ edges of_the triangle ar€Fcosahedra, square pyramids, tetrahedra, and twisted and
coated with paiches that are atiractive at IDgFigure 1m), staircase structures may be obtained on cooling from a

the_ particles s_pontaneously form 2D_sheets (Flgure 6_a) N disordered state. We further predict that the formation of
which Fhe particles are arranged in a triangular Iattlcg (Figure sheets and icosahedra occurs via a first-order transition while
6b). Flggre 6c,d shows structures formed from tnangglar the formation of chains is continuous and analogous to
plateg with patches on the faces. In Figure 6c¢, the part'desequilibrium polymerization. Many of the structures we
gontam paj[chefs composed of two types of molecules aspredict here should prove useful in device fabrication. For
|IIustrgted in Figure 1n, where same-type molecules are example, the 2D arrays (sheets) of spheres with tunable lattice
attractive only to each other._ Agaln, the self-assembled structures may serve as novel materials with interesting
structures result from the specific topology and location of optical® and mechanicél properties. The chains, rings, and

the p;]atches.hBy adJUSt"?gl tr}e dwecﬂon gnd;nglg of thzl'n,eahrtwisted and staircase assemblies may serve as basic structural
patches on the two particle faces, the twist direction and pitch , ivs 1o further prepare materials with more complex

can be controlled. Similar twisted structures have been g,q1res such as tubes, helices, and 3D networks that may;,
reported in the self-assembly of millimeter scale rectangular ; turn, serve as scaffolds or templates for assembly of
slabs?® Staircase structures (Figure 6d) can be formed from electronié® or opticaf® components, or as channels for
triangular plates by patterning the patches as in Figure 10.P.yansport of liquids or moleculég.n the present study, we
with two V-shaped, complementary patches on opposite faces e relatively simple interaction potentials to describe the
of the plate. By tuning the distance between the two patches,j miscibility between patches and particles in the interest

the step length may be controlled._ of constructing a general, minimal model of patchy particles.
In summary, we introduced a simple model capable of Specific experimental systems may be modeled by param-
describing particles and patches of arbitrary size, shape, anckterizing interactions using experimental data or, for some

material, and used molecular simulation to study their self- systems, fully atomistic simulations of one or two particles.
assembly into target structures. Our simulations predict that Efforts in this direction are underway.

by coating the surfaces of particles with strongly anisotropic,
highly directional, weakly interacting “patches”, complex, Acknowledgment. Financial support was provided by the
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