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Orientation-dependent interactions can drive unusual self-assembly of colloidal particles. This study, based on

combined epifluorescence microscopy and Monte Ca

rlo simulations, shows that amphiphilic colloidal spheres,

hydrophobic on one hemisphere and charged on the other, assemble in water into extended structures not formed by

spheres of uniform surface chemical makeup. Small, co

mpact clusters each comprised of less than 10 of these Janus

spheres link up, as increasing salt concentration enhances electrostatic screening, into wormlike strings.

Introduction

The Nobel Prize address of P.-G. de Gennes called attentl(,),ninto clusters and other structures not formed by spheres of uniform

to the exciting potential, in science and technology, of “Janus
spheres whose chemical makeup differs between the two
hemisphere$The ideawas largely ignored at the time, however.

Indeed, though magnetic effects comprise an obvious counter-

example to the assumption of isotropic partiefgrticle interac-

colloids whose two hemispheres are hydrophobic and charged,
respectively, thereby comprisisglid surfactants that assemble

surface chemical makeup.

Ironically, the concept of directional (nonmagnetic) interactions
between spheres has a venerable history from the standpoint of
theory and simulation. The notion of sticky spots was mentioned

tions, studies of magnetic colloids have proceeded essentiallyby Boltzmann in the analysis of gas€snd it is over a century
independently. The ensuing years saw colloid science matureold. During the last 20 years, it saw much development in other

impressively in the different direction of using colloids to emulate
atomic systems where the homogeneous chemical makeup o
the elements in the system is esseritidlNot until nearly a

contexts, especially directional interactions in hard-sphere #ids
fand between proteid8egven before the more recent developments
in the colloid field’~'* The main new point of the present study

generation later was the Janus particle concept extended by severa$ to show striking agreement between simulation and experiment
theory groups and by perspective articles to propose the visionregarding the simple, generic, and generalizable systems discussed

of “molecular colloids” whose patchy surface chemical makeup
governs their assembly into superstructuréd.The assembly
of larger (non-Brownian) objects was also considéfedThis

below, especially the development of wormlike strings from
building blocks comprised of smaller compact clusters.

The property of being amphiphilic drives molecules to self-

proposal was revolutionary because the assumption that thezssemple into a large family of superstructures that are integral

relevant interactions between colloids are nondirectional is
presently the premise for analyzing a vast number of ubiquitous
technological, environmental, and energy-related problems
involving colloids!415 In contrast, the interaction potential

between Janus particles depends not only on separation but als
on their relative orientatiotf The combined experimental and

simulation study presented below implements this vision in the
simple, generalizable system of amphiphilic solid spheres:
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to many of the most useful and complex features of soft materials.
Among synthetic amphiphilic molecules, prominent examples
include not only surfactants and detergéht8 but also the
burgeoning use of block copolymers in technoldgsin biology,

0 o7 o

Self-assembly of phospholipids into biological membranes follows
similar elemental principles, although those systems present the
added complexity of containing mixtures of many different sorts
of amphiphilic moleculeg?

A simple thought experiment gives intuitive insight into the
origin of the range of self-assembled structures revealed by the
more detailed experiments and simulations that we describe below.
Consider pairs of amphiphilic colloid-sized spheres in water at
a fixed separation but various orientations (Figure 1A). It is
obvious that the interaction potential switches from an extreme
of attraction when the hydrophobic sides face one another to an
extreme of repulsion when the charged sides face one another,
and takes intermediate values in between. There is also a more
subtle dependence on ionic strength (Figure 1B). Ignoring for
the moment the hydrophobic attraction, which is believed to be
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Hydrophobic

80~
60 Figure 2. Configuration of two Janus particles in close proximity.

- The black hemisphere represents the hydrophobic side, whereas the
40~ white hemisphere is charged. This graph illustrates the center-to-
"rn_— center axisrij and the polar axes; andn; used in the Monte Carlo
-l simulations.

6 or

- are spread onto a cleaned glass slide and coated on the exposed
20 hemisphere with a thin (30 nm) film of gold. Subsequently, a
40 monolayer of octadecanethiol (ODT) is assembled on the gold

- using conventional thiol chemistry. The untreated hemisphere
0 has a high negative charge density resulting from carboxylic
80k acid groups on the parent colloidal sphere. To further increase

this negative charge density, in some experiments, DNA oligomers
are grafted on the surface using a conjugation reaction described
in the literaturé®* such that after DNA grafting each of the 22
Figure 1. (A) Pairs of colloidal particles in water, each hydrophobic bases carries one negative charge. The particles (F8819 from
on one hemisphere and charged on the other (denoted by yellow andnvitrogen, Inc.) have a Am diameter, although we believe that
blue colors), are considered at fixed separation. The interaction sjze is not fundamental as long as it exceeds the electrostatic
potential switches from attractive when the hydrophobic sides face screening length. The particles are then suspended in aqueous
gﬂgtﬁgﬁ’zne[ﬂgle&)ﬂﬁﬂnrtee‘?rlill:m‘;t;vg‘;?agq%rfg?r%e%lz;gﬁsarac‘;em%%esolution and settle to the bottom of the glass sample container.
gny). P Using epifluorescence microscopy, we image a thin regién

angles (middle). Below each particle pair, the intensity of the . S .
interaction potential at that mutual orientation is shown schematically. #M from the surface, where the particle concentration is relatively

(B) Region of permitted tilt angles between two charged hemisphereshigh, although the maximum volume fraction is still only around
with 1 um diameter held at a center-to-center distance of 1.020 10-3. When the ionic strength is varied, this is done by adding
micrometers, plotted as a function of the logarithmic concentration KNOs.

of monovalent salt. The boundary is determined by requiring the  To prepare the hydrophobic patch on the spheres, a suspension
electrostatic energy cost per simultaneous rotation of the particles of (fluorescent) carboxylate-modified polystyrene spheres is
over an anglé to be smaller than KsT. The reference angi@ = spread onto a cleaned glass slide such that a monolayer of colloids

0 refers to the leftmost pair in the top panel, where the hydrophobic . T .
hemispheres face one another. The structures within the bottom'€MaNS after the suspension liquid evaporates. A thin (30 nm)

panel illustrate the range of structures considered in more detail in filM of gold is deposited using electron beam deposition onto
Figures 3 and 4. a titanium adhesion-promoting layer (2 nm). Onto the gold

hemisphere surfaces, monolayers of octadecanethiol (ODT) are
deposited and washed multiple times first with 1% H€thanol
solution and then with deionized water to remove nonspecific

T S : .~ . adsorption. The other, untreated, hemisphere remains coated with
In the limit of very low ionic strength, electrostatic repulsion is

so severe that the particles must strongly repel one anothernega’uve charges from the carboxylic acid groups on the parent

regardless of orientation, but this weakens significantly when spheres. The resulting amphiphilic spheres are then removed

the electrostatic screening length becomes less than the particlérom the surface using ultrasonication. In experiments where the
size. Initially, the colloids will orient such that the charged hegative charge resides simply on native carboxylate groups, the

hemispheres are diametrically opposite, but this restriction is particles are used directly. In experiments where DNA oligomers
pheres : metrically opp - ..~ are grafted to the polar hemisphere to raise the negative charge,
loosened with increasing ionic strength. In Figure 1B, we quantify h boxvli i h il ¢ . d
the permitted tilt angles according to the criterion that the the car Oxﬁl ||c acl é;_rouphs Ion the part|c|e surba(ae_:_s zj_\(;e a;]ctavate
electrostatic energy cost of a simultaneous rotation (within the Y'Y 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

same plane) of both particles over an arfith respect to their chloride (EDC) in 2-morpholinoethanesulfonic acid at$H4.5
center-to-center axis is less thaksT (kg is Boltzmann'’s constant using 2-N-morpholino)ethanesulfonic acid (MES) buffer solu-

andT is the absolute temperature); one sees that the higher thet'k?; ! a?‘r?ii Ct)hg: nt1ri]r?isgfa|§:\ll\ft?td igrggr?\fe?]rigring)wj g et(:hrs aélt\l\zlth

e e s oamauS{EPlamer SITAC GAG TTG AGA TTT TTT TTT T/Se1a
into clusteprs as wFi)II be shown f)elow P ¥AmM/-3’.Afterreact|on, ynreacted DNA is removed by washing

’ ) firstin 2% Tween 20 solution and then pH 7.5 phosphate-buffered
saline (PBS) buffer. The resulting particles are placed in deionized

Experimental and Computational Details ; .
) i o ) water. A control experiment showed that the other hemisphere
On the experimental side, to prepare amphiphilic colloidal remained hydrophobic.

spheres, fluorescent carboxylate-modified polystyrene spheres

0.01

insensitive to or only weakly dependent on ionic strerfgth,
consider the allowed angles between two amphiphilic particles
in near-proximity under conditions described in the figure caption.
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Figure 3. Varying the salt concentration causes amphiphilic particlesifdiameter) to assemble into clusters of various sizes and shapes.

The images with green background represent epifluorescence experiments. In the Monte Carlo computer simulations, blue and yellow colors
represent charged and hydrophobic hemispheres, respectively. Panel (A) shows discrete particles for the case of particles in deionized water.
Panel (B) (1 mM KNQ) shows small clusters (up to nonahedra) in equilibrium with one another. Panel (C) (5 mM)K~N&ws long,

branched wormlike strings. The simulations (right) confirm that the assembly of small clusters into strings occurs as the range of the
electrostatic repulsion, relative to hydrophobic attraction, decreases with increasing salt. Panel (D) shows further comparison of egiluoresce
images and Monte Carlo simulations with excellent agreement. Experimentally, clusters with the same number of paitidesqnvert
dynamically between different shapes, as confirmed from simulations for tetralers4 (left), and heptamerd\ = 7 (middle). The
nonahedral structuréy = 9, is also confirmed (right).

In the Monte Carlo (MC) computer simulations, we modelthe Vy; between the nonpolar hemispheres, and an electrostatic
amphiphilic nature of the colloidal particles using an interaction repulsionVe between the polar sides of the particles. In treating
potential consisting of three terms: an isotropic repulsive hard- the hydrophobic interaction, we adopt a minimalistic model and
core potential to prevent particle overlap, a hydrophobic attraction avoid the controversial question of the mechanism of hydrophobic
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attraction?! which is not the problem at hand. Instead, we take purposes. Thus, the resulting potential is given by

from the available experiments the conclusion that the attractive

hydrophobic interaction is short-ranged compared to our particle 1

di)fa\mept)er, decaying roughly expogentiallypwith interpgrticle Ve(ry) = r_i_Aolz(ni’nJ) exp[—(ry — 0)/Ap] 3)
separatiom;; with a decay constant on the order of 10 nm under :
normal circumstance8We simplify this to an attractive square-
well potential with a range of 5% of the particle diameteand
modulate it to take into account the Janus-like character of the | (n.n) =
particles. On physical grounds, the magnitude of the interaction 2} > 2 .

is proportional to the effective hydrophobic surface area shared | (T040) P12 I {(nir) < O A (nyery) < O}

where the angular dependence is quantified by the fundtion

by two particles when facing each other, (ToAp)pip g i {(nery)(n; -ry) < 0}
) (wohp) 0, I {(Nry) > O A (nyor;) > O AT > 1.050}
V (ron,n) = _6|1(ni*nj) if My = 1.0% (1) 0 if {(ni-rij) >0A (nj -rji) >0AT; < 1.050}
LI 0 otherwise &

p1andp; are the charge densities on the charged and hydrophobic
hemispheres, respectively, of each parti¢gle= 0.7 nm is the
Bjerrum length. Although it may be argued that the surface charge
in the experimental system is more accurately described by
constant-potential than by constant-charge boundary conditions,
for simplicity we have adopted the latter in our simulations.
Use of this effective functional form allows us to study systems
containing several thousands of particles for a large number of
L(n.n) = steps, which is essential to ensure that stable configurations are
1 reached. The MC simulations employ a standard Monte Carlo
{[(ni-ru)(nj -rji)]l’2 if {(n-ry) > OA (npery) > 0}} @ algorithm and are all performed in the NVT ensemble with

wherer;j = |r; — rj| indicates the center-to-center distance between
particlesi andj (which are located at; andrj, respectively)n;
andn; are unit vectors denoting the orientations of the respective
particles; as indicated in Figure A8,is parallel to the “polar
axis,” where the “northern hemisphere” is hydrophobic. The
function I; accounts for the fact that only one hemisphere on
each particle experiences a hydrophobic attraction,

0 otherwise periodic boundary conditions. The minimum-energy states were
reached fairly quickly, but to ensure equilibration we continued
all runs for a minimum of 1x 10° MC sweeps.

The precise choices for the well depth and range of the attractive . .
interaction are immaterial: the same cluster configurations are Results and Discussion
found for attractions up to 1KsT and interaction ranges up to Comparing structures observed in the experiments and
approximately 10% of the particle diameter. computer simulations, the matched images in Figure 3 show
The screened electrostatic interactions between the chargegleasing agreement; this indicates that the mechanism of cluster
hemispheres are described by a pairwise Dethyigckel potential formation is the minimization of free energy. First, in deionized
with a distance-dependentinteraction again modulated accordingwater, the amphiphilic spheres repel one another so strongly that
to the orientation of the particles. It is important to notice that no clusters form (Figure 3A). However, when the electrostatic
(a) the hydrophilic and the hydrophobic sides of each particle screeninglengthfallsto 10 nm at higher salt concentration (Figure
have a very different surface charge density and (b) the range3B), clusters form with the property that, for each numbér (
of the electrostatic interaction is short compared to the particle of spheres in the cluster, that cluster possesses a definite, compact
diameter, with typical Debye screening lengtgsaround 10 nm structure. When the electrostatic screening length is further re-
(as compared to ~ 1 um). Accordingly, the repulsion between  duced a factor 2.2 by adding more salt, the smaller clusters poly-
a pair of particles at contact is due almost completely to the merize into extended, branched, wormlike objects (Figure 3C).
charge contained in a spherical cap of areéo2)Ap = mwolp, Finally, the matched images in Figure 3D illustrate the process
multiplied by a geometric factoho, which quantifies to what  of self-assembly for clusters of sizés= 4, N = 7, andN =
extentall surface charges contribute to the electrostatic interaction.9. The fluorescence microscopy experiments are unambiguous
We obtain this factor by computing the full electrostatic repulsion in revealing equilibration events on time scales of seconds to
between two hemispheres decorated with over 20 000 discreteminutes as these clusters self-assemble: dynamical particle
charges each, a number comparable to the estimated number chttachment to and detachment from clusters, and reconfiguration
elementary charges on the colloids used in the experiments. Theof cluster shapes. Indeed, the striking agreement between the
resulting value forA is typically on the order of 1®. The experiments and simulations implies that the structures observed
angular dependence of the electrostatic potential is quantified byexperimentally are equilibrated; this is consistent with the fact
noting that, at fixed interparticle separation, this potential only thatfrom simulation we estimate the partielgarticle attraction
exhibits a variation with changing relative orientation of the in experiments to be on the order of only-50 kgT. Some
particles when, for either or both of the two patrticles, the boundary structures, for example, the nonamir=€ 9), possess a single
between the two hemispheres is sufficiently close to the region stable structure. However, the relatively weak attractive potential
ofinteraction. Indeed, owing to the rapid change in surface chargeand experimental observations of dynamic interconversion
density at this boundary and owing to the short range of the between different shapes are consistent with the fact that in the
screened interaction, for this situation, the pair potential changesMonte Carlo simulations we observe two distinct configurations
quite rapidly as a function of relative orientation. Therefore, we for the tetramer | = 4), both of which are observed in the
approximate the angular dependence at the Janus interface bgxperiments as well. For the heptambr <€ 7), we find that
a step function. For screening lengths larger than 50 nm, this iswhile the compact variant (left in Figure 3D) is the most stable,
no longer a good approximation. However, for these circum- the more “open” arrangement on the right is also observed both
stances, the electrostatic repulsion between the particles is s@xperimentally and computationally. The main pointis thatthese
strong that no aggregation is observed at all, and hence, theclusters possess no definite, frozen shape: they wriggle and
short-distance details of the potential are irrelevant for our rearrange with time.
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Figure 4. Monte Carlo simulations of the polymerization of clusters of amphiphilic spheres into wormlike strings. Assembly proceeds in
sequence from left to right. Panel (A) illustrates that, as a tritlder 8) and tetrame = 4) approach, particles within these clusters reorient

until they fuse together in a lock-and-key structure to form a heptalher 7). Panel (B) shows similar fusion of a heptamer and a pentamer
(images 1-4), followed by fusion with a hexamer (images 4), leading to a kink in the wormlike string (image 8). As the small clusters

fuse, individual colloids rearrange to maintain five-fold rings and reorient such that their hydrophobic sides are directed toward the interior
of the worm. Specifically, when th = 5 cluster merges with aN = 7 cluster, two pentagons are formed that are not coplanar (panel

B, image 4). When the resulting aggregate incorporates anhitkeb cluster, the individual particles rearrange once more to form a third
pentagonal structure (panel B, images 6 and 7). Note that large structures grow through cluster aggregation and not via the stepwise addition
of discrete particles.

The significance is to explain the lock-and-key polymerization introduced®®a wide range of other particle sizes, as small as 200
mechanism that allows wormlike strings to assemble when clustersnm, can be functionalized to be chemically asymmetric, giving
meet. On this point, experiment and simulation agree that they this concept potential application in industrial practice to replace
form not by sequential addition of individual particles, as would molecular surfactants in certain functions. Furthermore, other
be characteristic of molecular surfactaHt&but rather by smaller  gejf-assembled structures can be expected when the balance is
clusters locking onto one another. We note that, although the,arjeq petween the respective areas of the hydrophobic and
Monte Carlo S|ml_JIat|ons do not r(_eproduce the actual_ dynamics hydrophilic patches, and also when solid surfactants of different
of the Janus particles, the exclusive use of local particle MOVES iz es are mixed. On the applications side, itis expected that solid

makes it possible to attach a dynamic interpretation to the . . :
simulation results. The caption of Figure 4 illustrates the cluster s_urfactants of the kind described here will segregate strongly to

aggregation process in detail. In particular, heptamers, as one o#'qu',d interfaces, thus sFablllz!ng emulsions a”‘?‘ foams. We
the most stable clusters whose detailed shape nonetheless breath€8niecture that the wormlike strings may also modify suspension
dynamically (Figure 3D), are a crucial building block for the heology as well as possibly serve as vehicles within which to
chain, and Figure 4A shows their formation from the fusion of encapsulate cargo for subsequent release.

a trimer and a tetramer. Next, Figure 4B shows how during the | oking to the future, extension to particles of a more complex

fKIS?nSOft?] h(feptamer with f‘nf[’thfr clluster, suchtas a pehntamdershape than spheres comprises an obvious extension that can be
(N = 5), the former imprints its topology (a pentagon-shape easily implemented. In the same spirit, while this study was

arrangement of five colloids flanked by two additional particles) ; S g .
onthe latter (cf. panels34 of Figure 4B), leading to the wormlike restricted to amphiphilicity because itis one of the most pervasive
' forms of chemical asymmetry, the exploration of more subtle

strings observed in Figure 3C. Also, the characteristic kinks . : ; "
displayed by the strings in the micrographs and MC simulations interactions, such as hydrogen bonding, molecular recognition,

can be understood from this cluster-aggregation mechanism. Oneg2nd the attachment of macromolecules, offers other potential
example of such kink formation is illustrated in Figure 4B (panels extensions. The idea of having solid surfactants generalizes the
5—7): When a hexameN= 6) meets a string end formed from  concept of molecular amphiphilicity that is so pervasive and
a heptamer and a pentamer, the latter is distorted as the particlesiseful in nature and technology.

in the hexamer attempt to arrange in a five-fold ring. The
frustration arising from simultaneously satisfying the hydrophobic . . .
attractions and 9t]he electrostatic rep%;lsionfg cguses%he Ztring to, Acknowledgment. This paper is dedicated to the late P.-G.

bend (panel 8). The detailed analysis just presented thus give<l€ Gennes. We thank M. Shyr and P. V. Braun for assistance
insight into the formation mechanisms of the shapes observed!n PNAgrafting. This work was supported by the U.S. Department
in the laboratory (Figure 3C). Energy, Division of Materials Science, under Award No. DE-

The structures described above are analogous to the micellafrG02-07ER46471 through the Frederick Seitz Materials Research

shapes adopted by standard molecular amphiphiles, although ar-aboratory at the University of lllinois at Urbar&hampaign.
agenda for future study will be to understand the delicate question| o7030818

of how their shapes evolve from the dilute concentrations
considered here to concentrated suspensions. Our findings can
be generalized in several ways. Using scale-up methods recently (25) Hong, L.; Jiang, S.; Granick, Sangmuir2006 22, 9495.




