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Self-assembly of colloidal crystals 
Anthony D Dinsmore*, John C Crockert and Arjun G Yodh t 

Recently, there has been much progress in the self-assembly 
of colloidal crystals. Major advances include the growth of 

. colloidal crystals on lithographically templated substrates, 
the synthesis of ordered macroporous materials starting with 
crystalline emulsions, the investigation of the role of entropy 
in hard sphere colloids in space and on earth, and the use of 
electrohydrodynamic forces to create ordered structures. 
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Abbreviations 
DLVO Oeryagin-Landau-Verwey-Overbeek 
LC liquid crystal 
PMMA polymethylmethacrylate 

Introduction 
The ability to control the assembly of nano- and 
micrometer sized particles enables the synthesis of new 
structures with qualitatively new applications. These 
applications rely on colloids and emulsions with a wide 
range of optical, electrical [l •J, and mechanical properties 
that result from both the composition and organization 
of their macromolecular building blocks; hence, new 
materials for photonics, lithography [Z,3•], ceramics, and 
biochemical sensors [41 are made possible. Generally, the 
manipulation of particles in two and three dimensions 
requires a deep physical understanding of both forces 
and instabilities in these complex fluids, and a detailed 
knowledge of both particle chemistry [5] and materials 
properties of suspending fluids [6--]. Progress toward the 
fabrication of patterned colloids may thus be viewed 
broadly as the result of advances in our understanding 
of the natural phase behavior and novel interactions in 
these suspensions, and of more directed studies aimed at 
the design of novel structures and measurements of their 
properties. 

This review will focus first on recent insights into phase 
transitions in hard-sphere and charge-stabilized systems. It 
will also describe novel discoveries in particle interactions 
that arise in suspensions which may be useful in biasing 
particle motion for assembly purposes. Following this we 
will discuss more directed work towards the creation of 
structures of any design, and finally we will comment on 
a few remaining investigations that are directed towards 
applications. 

Phases in natural systems 
Under appropriate conditions, particles in suspension 
spontaneously self-assemble into macroscopic, three-di
mensional, highly ordered arrays {colloidal crystals). In 
addition to their importance for fundamental studies of 
statistical mechanics [7], these fluid-solid phase transitions 
provide a simple way to fabricate arrays with a variety 
of crystal structures, including ordered planar arrays and 
face-centered cubic, hexagonal close-packed, ABz, and 
other crystal structures [8). 

The advantages of the spontaneously occuring or natural 
approach are the ease with which it can be adapted for 
industrial use and the wide variety of particle species 
that can be manipulated. Recent examples [9,10,ll•] of 
the success of spontaneous self-assembly at smaller length 
scales include the growth of ordered, three-dimensional, 
fee arrays of nanometer-sized semiconductor particles 
(nanoclusters) · by phase separation which was highly 
successful. Highly ordered colloidal crystallites were 
grown despite the fact chat the particle interactions and 
kinetics were not well understood. Optimal fabrication of 
devices will require an understanding of how to control 
the structure of the colloidal crystalline phase through 
the control of interactions among parcicles and particle 
kinetics. 

The classic system for scudying the effects of entropy, 
which plays an essential role in the spontaneous as
sembly process (i.e. phase transitions) is a mixture of 
monodisperse hard spheres. Although formation of a 
crystalline phase at total volume fractions greater than 
0.494 was predicted {121 and observed [13I many years ago, 
the question has remained about whether the observed 
structure was the true equilibrium phase or not. 

In a groundbreaking recent experiment, Zhu et al [14••] 
were able to eliminate the effects of gravity on the 
hard-sphere crystallization process by performing experi
ments on a space shuttle. Their model system consisted 
of -0.Sµm diameter polymethylmethacrylate (PMMA) 
spheres with nearly-hard-sphere interactions among parti
cles. The zero-gravity experiments revealed a solid phase 
organized in a purely random hexagonal-close-packed 
(rhcp) structure at volume fractions up to 0.619. This 
observation stands in contrast to terrestrial experiments 
where coexisting fee and rhcp crystallites were observed 
at volume fractions less than 0.58, and a glassy state was 
observed at higher volume fractions {13]. The experiments 
reveal that geavity-induced stresses clearly alter some of 
the intrinsic aspects of colloidal crystallization. Computer 
simulations [15--17) .have shown that the entropy of the fee 
structure of hard spheres exceeds that of the hep structure 
by between 0.001 and 0.005 kB per particle for sample 
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volume fractions at and below the freezing point. The rhcp 
structure was not considered. Finally, experiments aimed 
at determining directly the hard-sphere fluid equation 
of state [18-20] found reasonable agreement with the 

. Carnahan-Starling equation of state which relates the 
pressure to particle volume-fraction in a hard-sphere fluid. 

Mixing hard spheres of two different sizes induces 
a controllable entropic attraction between two larger 
particle-a force sometimes called the 'depletion', or 
'excluded-volume'. Although the underlying entropic 
mechanism has been approximately understood for many 
years in the context of colloidal particles mixed with 
smaller polymers, only recently has it been systematically 
investigated for mixtures of hard spheres of two different 
sizes. For example, it has been shown experimentally 
[21,22••,23] and theoretically [24,25) that among mixtures 
of hard spheres the larger ones (--0.2 - 1.0 µm diameter) 
form an rhcp crystalline phase even when the total volume 
fraction in the sample is as low as 0.2. 

In addition, the formation of a disordered dense phase at 
high volume fractions has been tied to a hidden fluid-fluid 
spinodal (instability point) in colloid-polymer mixtures and 
in protein solutions [26). 

Perhaps more useful for the purposes of assembly was 
the discovery that larger, more ordered crystallites of the 
same bulk structure nucleate and grow on flat surfaces 
at lower volume fractions than in the bulk [21,22 .. ,27}. 
The 'entropic wetting' arises because the gain in volume 
accessible to the smaller particles is greater when a large 
sphere approaches a wall than when two large spheres 
approach one another in the bulk. Further understanding 
of the thermodynamic effects of walls and of other 
confinement geometries have come from experiments 
[21,28) and theory [28-31]. Phase separation near corners 
and walls may improve the size, order and alignment of 
crystallites {22 .. ]. 

Precise measurements of the interaction between pairs 
of hard spheres surrounded by smaller ones (JC Crocker, 
AD Dinsmore, AG Yod~ unpublished data; [32,33 l) shed 
important light on predictions [34,35) about the structure 
of the smaller particles in suspension, and will enable the 
phase behavior to be related to the microscopic· forces. 

The phase behavior of charge-stabilized suspensions 
has generally been modeled within the context of 
Deryagin-Landau-Verwey-Overbeck (DLVO) theory (see 
[36) and references therein). Colloidal particle scattering 
experiments by Wu and van de Ven [37•) show good 
agreement with DLVO theory at high ionic strength, once 
the effect of the spheres 'hairy' polymer layer are taken 
into account. Detailed studies of colloidal hydrodynamics 
also conform closely to the standard theory [38•}. Two 
recent experiments, however, have uncovered anomalous 
phases in charge-stabilized suspensions. Larsen and Grier 

[39,40•) and Murray [411 used electrophoretic forces to 
create long-lived, isolated crystallites in an otherwise 
dilute suspension (Figure 1). If the long-range interactions 
were entirely repulsive, these crystallites should melt two 
orders of magnitude faster than was observed. Tata et al 
{42•] used confocal microscopy to image large, stable voids 
inside a dense fluid or crystalline colloid phase. Both 
results strongly suggest that the pair interactions in dense 
suspensions can have a long-ranged attractive component 
in contradiction to the standard DLVO [8) theory which 
predicts no long-range attraction. 

Agure 1 

Video micrograph of metastable colloidal crystallites. The white and 
black spots are images of 0.66 µm diameter coRoidal spheres in 
two different focal planes. If such crystals were the result of purely 
repulsive interactions, the crystals should rapidly break apart into their 
constituent particles. Reproduced with permission from (39I. 

These results have compounded a recent controversy 
[43,441 regarding the form of electrostatic colloidal in
teractions. A few years ago, the first direct video mi
croscope measurements of such interactions found either 
a purely repulsive DLVO-like interactions between iso
lated spheres [43] or an interaction with an anomolous 
long-ranged attractive tail among particles near glass 
walls [44]. The latter result was taken as evidence in favor 
of a competing interaction theory [45], due to Sogami 
and Ise, which is similar to DLVO at short range but 
which predicts a long-ranged attractive component at long 
range under some circumstances [46}. A recent, crucial 
experiment [47•] has clarified these earlier results [43,441 
while confirming the breakdown of DLVO theory in 
some systems. The results of Crocker and Grier's [47•1 
experiment clearly shows that the Sogami· and Ise theory 
is inconsistent with the pair interaction of isolated spheres 
and that the attractions seen in earlier experiments [44) 
were induced by the confining glass walls of the thin 



sample cell. They point out chat the DLVO theory, while 
verified for dilute suspensions, may not be applicable to 

dense suspensions. Furthermore, they conjuccure that the 
unexplained attractions seen in dense suspensions and 
near walls may be related; the surrounding spheres in one 
case playing a role similar to the walls in the other case. 
They conjectured that the attractive interactions seen in 
dense suspensions arise because the surrounding charged 
spheres playing a role analogous to the charged walls. 
Theoretical work to understand the long-range attraction 
has proceeded rapidly [48-50,51•,SZ•]. Carbajal-Tinoco 
and Grier [51 •] applied the liquid structure theory to 
calculate the finite volume fraction pair interaction and 
found that a long-ranged attractive tail appeared as the 
volume fraction was increased. In a direct calculation 
within the DLVO formalism, van Roij and Hansen [52•] 
discovered an effective attraction due to a van der 
Waals-like instability in the free energy in a narrow region 
of phase space, bracketing the conditions studied by 
Larsen and Grier [40•]. 

Novel interactions 
Techniques for organizing particles also arise from the 
creation of systems with new particle-particle and particle
substrate interactions. For example, the depletion effect 
has been used to organize particles around microscopic 
structure etched into inert substrates. Recent experiments 
have demonstrated that the large particles in suspension 
are repelled from the edge of a terrace [53•], attracted to an 
inside corner [ZZ••], and pushed along a wall of changing 
radius of curvature (54•], simply because of the presence of 
much smaller particles in the suspension. Such techniques, 
which illuminate the interplay of entropy and surface 
texture, position particles at predetermined locations 
and push particles in specified directions in suspension. 
The entropic concepts have been extended to include 
interactions ·with softer membranes where the interplay 
between the depletion effect and the membrane bending 
rigidity can lead to vesicle shape transitions and new 
membrane mediated particle-particle interactions [54•]. 

Poulin et al. [55•] reported a novel class of colloidal 
interactions that arose when the host fluid was anisotropic. 
In this case, micron-size water droplets were dispersed 
in a nematic liquid crystal (LC). Alignment of the LC 
molecules at the surfaces of the particles created strain in 
the nematic director that induced a dipole-like interaction 
among the particles and pushed chem into a line. The 
self-organization was switched on and off by heating 
or cooling the host LC through its isotropic-nematic 
transition temperature. 

Finally, experiments employing 'electrohydrodynamic' 
effects in electrolytic cells have revealed more about 
lateral interparticle forces that arise between particles on 
the electrode surfaces {56,57]. Formation of two-dimen
sional arrays of micron- and nanometer-sized particles 
resulting from these forces was observed over a range 
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of applied voltages and accompanying currents [58•] and 
the mechanisms underlying these long-ranged attractive 
forces has been suggested to arise from electric-field 
induced fluid flow around the particles (59•]. The use 
of this mechanism, along with patterns on the substrates 
to induce crystallites of controlled shape and position, 
was demonstrated (59•) and the controlled growth of 
three-layer domains achieved [58•]. 

Assembly of designed structures 
Several epitaxial techniques have been used to apply 
monolayers of particles onto a substrate. Repetition of such 
a process can result in a multi-layer structure in which the 
composition of the layers can be independently controlled 
[60•,61•]. One very general procedure is to attach linker 
molecules (such as polycations, thiols, and silanes) to a flat 
substrate. The particles then stick to the linker molecules, 
forming a very stable, though typically disordered and not 
very dense layer. Linker molecules have also been used to 

make ordered three-dimensional arrays. These techniques 
have been reviewed in [62 .. ,63•). 

Ordered monolayers have been made by a combination of 
evaporation and capillary forces. In this process (64 .. }, an 
evaporation front passes over a hydrophilic substrate at a 
controlled rate. Dispersed particles are pulled to the drying 
front by convection, then deposited there when the drying 
film becomes very thin. Capillary forces subsequencly 
pull the particles together into a close-packed triangular 
array. This methodology is known as the convective 
assembly technique. In a related technique, ordered films 
of nanoclusters have been made by allowing a drop 
of solution to dry on a carbon grid (see [10, 11•) and 
references) by spin-drying it [1•,62••]. The van der Waals 
forces that typically hold the particles to the substrate 
in these cases are generally not as strong as the bonds 
formed by other techniques, but they can be augmented 
by subsequent addition of linker molecules. The addition 
of poly(allylaminehydrochloride) to fix a monolayer of gold 
particles has been reported {58•]. 

Dinsmore and co-workers (22 .. ,65] have shown that the 
convective assembly technique can be used to make 
three-dimensional AB2 crystals up to five layers in 
thickness. The key is to make the particles sufficiently 
hydrophilic so that., when the convective assembly process 
is repeated, the water forms a thin film on the first layer 
of particles. Then, as the water evaporates, the particles 
that form the second layer are pulled into the interstices 
of the first layer. In this way, the particles in each layer are 
in registry with the underlying layer. 

An ideal technique of colloidal assembly would allow 
microscopic particles to be assembled into a three-dimen
sional crystal starting from an arbitrary surface pattern. 
One such technique was beautifully demonstrated by 
van Blaaderen et al {66••). They used electron-beam 
lithography to etch holes in a 500 nm thick layer of PMMA. 
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Silica spheres of diameter 1050 nm were then admitted rn 
the sample. Slow sedimentation of these particles into the 
etched holes led rn the formation of a two-dimensional 
ordered array. Starting from the (100) or (110) face, fee 
crystals several milimeters thick were grown (Figure 2). 
The technique should allow hep crystals to be fabricated 
starting from a plane of the hep lattice that has no twinning 
possibilities. The work {66••) is also notable for its use of 
fluorescence confocal microscopy and fluorescent particle, 
which provide images of resulting structure (including 
defects) with high resolution even at significant depth 
inside the sample, and to investigate how strain in the first 
layer of the lattice forces the crystal structure rn relax to 

the stable rhcp structure. 

Figure 2 

Confocal microscope image of a section of a close-packed, 
three-dimensional fee ciystallite of 1 µm·diameter silica spheres in 
a water-glycerol mixture {64 .. ]. The core of each colloidal sphere 
contained fluorescent dye and is visible in the image. The crystallite 
was grown atop 0.5 µm deep holes etched into an inert polymer 
(PMMA) substrate. Reproduced with permission from [66 .. ]. 

Dinsmore ({22 .. ); AD Dinsmore et al., unpublished data) 
have developed a similar approach in which sub-micron 
colloidal particles are fixed co a substrate with ionic bonds 
to form a monolayer of arbitrary structure. Electron-beam 
lithography is used to make tiny holes {<50 nm) in PMMA, 
which are used as a pattern, then filled with cationic 
poly-L-lysine. The result is an array of 50 nm diameter 
spots of exposed poly-L-lysine; the particles elecnostati
cally attracted to the poly-L-Lysine will stick to these 
spots. The substrate is then dipped into a polystyrene 
suspension. Particles fill up the lattice sites forming 
two-dimensional arrays (Figure 3). 

Figure 3 

Optical monographs of 0.46 µm micron diameter polystyrene spheres 
assembled in two-dimensional patterns made by electron-beam 
lithography ({22 .. ,65]; AO Dinsmore et al., unpublished data). Shown 
are 12 x 12 arrays of various symmetries using amino-sitane glue 
molecules. 

The synthesis of inverse structures, or ordered 'macro 
-porous' materials is described in a spectacular recent 
paper by Imhof and Pine (6 .. J. Briefly, the authors first 
create a monodisperse emulsion of oil-in-formamide [67), 
and then they disperse the 'emulsion in a metal oxide 
sol. The emulsion self-assembles into a colloidal crystal, 
and the system is made to gel. After the gel has aged, 
the sample is washed, dried, and heated to remove the 
droplets and other organics. The result is an ordered in
verse colloid with hardened inorganic material surrounding 
monodisperse, spherical cavities. The technique has been 
demonstrated in titania, zirconia and silica hosts, with 
varying hole sizes and concentrations [6•]. The resulting 
materials may find use as phornnic structures as well as 
novel catalytic supports and lightweight materials. 

Toward applications 
The 3-D dielectric periodicity of the ordered microspheres 
gives rise to band structure effects for photons analogous 
to electronic band structure in semiconduccors. 

Perhaps the greatest applications would arise from a 
full photonic band gap, analogous co an electron band 



gap in semiconductors {68 .. ,69•,70]. Kitson et al. {71•) 
lithographically fabricated a two-dimensional array of silver 
dots and successfully demonstrated the first full photonic 
band gap in the visible range in two dimensions. Anderson 
and Giapis (721 have shown that reducing the symmetry 
of a two-dimensional lattice by the addition of smaller 
rods leads to structures with wider phot-0nic band gaps. 
No full gaps in the visible spectrum have been reported 
to date in three-dimensional materials, but experiments 
by Watson and co-workers have mapped the phoconic 
band structure of fee [73] and bee {74] crystals with a 
low refractive-index contrast and have shown that defects 
in a colloidal crystal can widen the scop bands along 
particular directions (75•}. Recent calculations have shown 
that band gaps can be opened or widened by using 
materials with a large magnetic susceptibility {76] or 
with an intensity-dependent refractive index [77-79]. In a 
r.elated demonstration of an optical switch, Pan et al [80•] 
made a crystal of refractive-index-matched particles that 
contained a dye that absorbed light from a pump beam. 
This adsorbed light increased the sample's temperature 
and refractive index. The pump pulse therefore switched 
on the Bragg scattering of an incident probe beam thus 
redirecting the probe and rendering the sample effectively 
opaque. In a similar spirit, Jethmalani and Ford [81] 
have embedded a colloidal crystal in an elascomeric 
matrix so that the lattice spacing (hence, the wavelength 
of Bragg-scattered light) can be reversibly stretched up 
to 30%. 

Finally, assembly at the nanometer level was recently 
used to create high densities of -20 nm holes and dots 
in silicon nitride coated silicon [82•]. The patterns, which 
were derived from the transfer of spherical and cylindrical 
microdomains in diblock copolymer thin films, provide 
a qualitatively new methodology to create the smallest 
lithographic structures to date. 

References and recommended reading 
Papers of particular interest, published within the annual period of review, 
have been highlighted as: 

• of special interest 
•• of outstanding interest 

1. Andres RP, Bielefeld JO, Henderson JI, Janes DB, Kolagunta VR, 
• Kubiak CP. Mahoney WJ, Osifchin RG: Self·assembly of two· 

dimensional superlattice of molecularly linked metal clusters. 
Science 1996, 273:1690-1693. 

A close-packed, two-<limensional array of 3.7 nm gold particles {linked by 
organic molecules) was formed. Measurements of the electrical conductance 
through the film revealed Coulomb charging behavior and provided an esti· 
mate of the resmance of a single organic molecule {29 megaOhms) 

:2. Hulteen JC, van Duyne RP: Nanosphere lithography: a materials 
general fabrication process for periodic particle array surfaces. 
J Vac Sci Technol A 1995, 13:1553-1558. 

3. Winzer M, Kleiber M. Dix N, Wiesendanger R: Fabrication of 
nano-dot and nano-ring •miys by nanosphere lithography. Appl 
Phys A - Solid Sutf 1996, 63:617-619. 

further application of the technique first demollstrated in (2], in which an 
ordered, two-dimensional array of particles is used as a mask for deposition 
of nano-scale metallic clusters. The advance of this paper is the fabrication 
of tiny 550 nm rings which have potentiaDy interesting electronic properties. 

Sett-assembly of colloidal crystals Dinsmore, Crocker and Yodh 9 

4. Elghanian R, Storhoff JJ, Mucic RC, Letsinger RL, Mirkin CA: 
Selective colorimetric detection of polynucleotides based 
on the distance-dependent optical properties of gold 
nanoparticles. Science 1997, 277:1078·1081. 

5. Stein HS: Controlled colloid formation. Curr Opin Colloid 
Interface Sci 1997, 2:165-170. 

6. Imhof A, Pine OJ: Ordered macroporous materials by emulsion 
•• templating. Nature 1997, 389:948·951. 
A macroporous material is made by dispersing a crystalline emulsion in a 
metal sol. The metal sol was prepared in pure formamide. After the composite 
gels, the emulsion droplets are evaporated leaving the hardooed inorganic 
material al the exterior of the droplets. 

7. Lubensky TC: Soft condensed matter physics. Solid State 
Commun 1997, 102: 187-197. 

8. Russel WB, Saville DA, Schowalter WR: Colloidal Dispersions. 
New Yofk: Cambridge University Press; 1 989. 

9. Murray CB, Kagan CR, Bawendi MG: Self-organization of 
CdSe nanocrystallites into three-dimensional quantum dot 
superlattices. Science 1995, 270:1335-1338. 

10. Motte L, Billoudel F. Thiaudiere 0, Naudon A, Pileni MP: 
Characterization of ordered 30 arrays of Ag2S nanocrystaUites. 
J Phys 111997, 7:517•527. 

11. Pileni MP: Nanosi%ed particles made in colloidal assemblies. 
• Langmuir 1997, 13:3266-3276. 
A review of synthesis of nanometer-sized particles (nanoparticles) with vari· 
ous shapes from rods to spheres. Ordered monolayers of nanoparticies are 
formed by drying of a drop; ordered three-dimensional clusters are formed 
by phase separation at high concentration. 

1 2. Hoover WG, Ree FH: Use of computer experiments to locate 
the melting transition and calculate the entropy in the solid 
phase. J Chem Phys 1967, 47:4873-4879. 

13. Pusey PN, van Megen W: Phase behavior of concentrated 
suspensions of nearly hard colloidal spheres. Nature 1986, 
320:340-342. 

14. Zhu J, Li M, Rogers R, Meyer W, OttewiH RH, STS-73 Space 
•• Shuttle Crew, Russel WZB, Chaikin PM: Crystallization of hard· 

sphere colloids in microgravity. Nature 1997, 387:883-885. 
Space shuttle experiments expose the effects of gravitational stresses on 
colloidal crystalization. The polymethylmethacrylale particles were coated 
with a 10 nm layer of polyhydroxystearic acid to prevent aggregation in a 
mixture of decalin and letralin. 

15. Woodcock LV: Entropy difference between the face-centered 
cubic and hexagonal close-packed crystal structures. Nature 
1997, 385: 141-1 43. 

16. Woodcock LV: Woodcock Replies. Nature 1997, 388:236·:237. 

17. Bolhuis PG, Frenkel 0, Mau SC, Huse DA: Entropy difference 
between crystal phases. Nature 1997, 388:235-236. 

18. Rutgers MA, Dunsmuir JH, Xue JZ, Russel WB, Chaikin PM: 
Measurement of the hard•sphere equation of state using 
screened charged polystyrene colloids. Physical Review B 
1996, 53:5043-5046. 

19. Piazza R. Bellini T, Degiorgio V: Equilibrium sedimentation 
profiles of screened charged colloids: a test of the hard· 
sphere equation of state. Phys Rev Lett 1993, 71 :4267·4270. 

20. Phan SE, Russel WB, Cheng Z, Zhu J, Chaikin PM, Dunsmuir JH, 
Ottewill RH: Phase transitions, equation of state, and limiting 
shear viscosities of hard sphere dispersion. Phys Rev E 1996, 
54:6633-6645. 

21. Dinsmore AO, Yodh AG, Pine DJ: Phase diagrams of nearly 
hard-sphere binary colloids. Phys Rev E 1995, 52:4045-4057. 

22. Dinsmore AD: Entropic forces and phase transitions in 
•• binary nearly hard•sphere colloids. PhD thesis, University of 

Pennsylvania, 1997. 
Detailed discussions of crystallization in the bulk and at surfaces of binary 
hard-sphere mixtures, of convective assembly of three-dimensional crystals, 
and of use of electron-beam lithography to make two-dimensional particles 
arrays of any chosen pattern. 

23. Imhof A, Dhont JKG: Experimental phase diagram of a binary 
colloidal hard-sphere mixture with a large size ratio. Phys Rev 
Lett 1995, 75:1662· 1665. 

24. Biben T, Hansen JP: Phase separation of asymmetric hard
sphere fluids. Phys Rev Lett 1991, 66:2215·2218. 



1 O Experimental self-assembly 

25. 

26. 

27. 

Cossaert T, Baus M: Vidal approach to hard-sphere demixing. 
Phys Rev Lett 1997. 79:1881-1884. 

Poon WCK: Crystallinttlon of globular proteins. Phys Rev E 
1997, 55:3762-3764. 

Kaplan PO, Rouke Jl, Yodh AG, Pine DJ: Entroplcally-driven 
sudace phase separation in binary colloidal mixtures. Phys Rev 
Lett 1994, 72:582-584. 

28. Dinsmore AD, Yodh AG, Warren PJ, Poon WCK: Auld-solid 
transitions on walls in binary hard-sphere mixtures. Europhys 
Lett 1997, 40:337-342. · 

29. Gotzelmann B, Dietrich S: Density and pair correlation functions 
of hard spheres in narrow slits. Phys Rev E 1997, 5:2993-3005. 

30. Rosenfeld Y, Schmidt M, Lowen H, T arazona P: Fundamental· 
measure free-energy density functional for hard spheres: 
dimensional crossover and freezing. Phys Rev E 1997, 
55:4245-4263. 

31. Tarazona P, Rosenfeld Y: from zero-dimensional cavities to 
free-energy functionals for hard disks and hard spheres. Phys 
Rev E 1997, 55:R4873-R4876. 

32. Crocker JC, Dinsmore AD, Weitz DA, Yodh AG: Measuring 
depletion interactions between isolated pairs of hard-sphere 
colloidal particles [abstra<;t]. Bull Am Phys Soc 1997, 42:25. 

33. Crocker JC, Dinsmore AD, Weitz DA, Yodh AG: Using a line 
optical tweezer to measure colloidal interactions. Abstract 114 
of the 71st Colloid and Surface Science Symposium. 1997. 

34. Dickman R, Attard P, Simonian V: Entropic forces in binary hard• 
sphere mixtures: theory and simulation. J Chem Phys 1997, 
107:205-213. 

35. Bihen T, Bladon P, Frenkel D: Depletion effects in binary hard
sphere fluids. J Phys Condens Matter 1996, 8:10799-10821. 

36. Reus V, Belloni L, Zemb T, Lutterbach N, Versmold H: Equation of 
state and structure of electrostatic colloidal crystals: osmotic 
pressure and scattering study. J Phys I/ 1997, 7: 603-626. 

37. Wu X. van de Ven TGM: Characterization of hairy latex particles 
• with colloidal particle scattering. Langmuir 1996, 12:3859-3865. 
Video microscopy of a colloidal spheres colliding in a shear flow provides 
information regarding the swollen polymer 'hairy' layer on the surface of the 
particles 

38. Crocker JC: Measurement of the hydrodynamic corrections to 
the brownian motion of two colloidal spheres. J Chem Phys 
1997, 106:2837•2840. 

Video microscopy of pairs of coUoidal spheres in blinking optical tweezers 
directly measures the hydrodynamic coupling between the spheres. 

39. Larsen AE, Grier DG: Melting of metastable crystallites in 
charge-stabilized colloidal suspensions. Phys Rev Lett 1996, 
76:3862·3865. 

40. Larsen AE, Grier OG: l.J1te·charge attractions in metastable 
• colloidal crystallites. Nature 1997, 385:230·233. 
Electrokinetically assembled, isolated colloidal crystallites show anomalously 
long melting times. Thermodynamic measures of the date provide evidence 
for an unexpected 0.5 kT attractive interaction between charged colloidal 
particles. 

4 1. Murray CA: Colloids -when like charges attract Nature 1997, 
385:203-204. 

42. Tata BVR, Yamahara E, Rajamani PV, lse N: Amorphous 
clustering in highly charged dilute poly(chlorostyrene•styrene 
sulfonate) colloids. Phys Rev Lett 1997, 78:2660·2663. 

Confocal microscopy of carefully density matched and equilibrated colloidal 
suspensions reveals an unexpected structure containing large voids. This 
is interpreted as evidence for long-ranged attractive interactions in dense 
charge-stabilized colloids. 

43. Crocker JC, Grier OG: Microscopic measurement of !he pair 
interaction potential of charge-stabilized colloid. Phys Rev Lett 
1994, 73:352-355. 

44. Kepler GM, Fraden S: Attractive potential between confined 
colloids at low ionic strength. Phys Rev Lett 1994, 73:356·359. 

45. Tata BVR, Arora AK: Attractive potential between confined 
colloids at low ionic strength-comment Phys Rev Lett 1995, 
75:3200·3203 .. 

46. Sogarni I, lse N: On the electrostatic interaction in macroionic 
solutions. J Chem Phys 1984, 81:6320-6332. 

4 7. Crocker JC, Grier OG: When like charges attract the effects of 
geometrical confinement on long-range coUoidal interactions. 
Phys Rev Lett 1996, 77:1897-1900. 

Blinking optical tweezer measurements show the interaction of charged col
loidal spheres at low electrolytic strength lo be well modelled by Deragin· 
Landau-Verwey-Overbeek theory in !he bulk, but to have long-ranged attrac· 
1ive tails when confined between a pair of glass plates, such as in [43]. 

48. Chu XL, Wasan OT: Attractive interaction between similarly 
charged colloidal particles. J Colloid Interface Sci 1996, 
184:268-278. 

49. Holt WJC, Chan DYC: Pair interactions between heterogeneous 
spheres. Langmuir 1997, 13:1577-1586. 

50. Schmitz KS: Pairwise 'Gibbsian' free energy and screened 
coulombic interactions. Langmuir 1996, 12:828-3843. 

51. Carbajal-Tinoco MD, Grier 00: Attractive colloidal interactions at 
• finite density in the hypemetted chain approximation. J Chem 

Phys 1997, in press. 
The effective pair interaction for a dense chage-stabilized colloid is calcu• 
lated using liquid structure theory and a ternary liquid model. The model 
predicts an effective long·range attraction. 

52. van Roij R. Hansen JP: Van der Waals-like instability in 
• suspensions of mutually repelling charged colloids. Phys Rev 

Lett 1997, 79:3082-3085. 
The phase behaviour of charged colloid at finite volume fraction is calcu
lated within the DLVO formalism. The surprising result IIP.Pears to account 
for some anomalous observations of interparticle attraction, specifically that 
of {39). 

53. Dinsmore AD, Yodh AG, Pine DJ: Entropic control of particle 
motion using passive surface microstructures. Nature 1996, 
383:239-242. 

In binary particle mixtures of polystyrene spheres, the gain or loss of small 
sphere entropy (through excluded volume effects) is shown to induce forces 
on the large particles in suspension when the large particles are near various 
geometric structures. 

54. Dinsmore AD, Wong OT, Nelson P. Yodh AG: Hard spheres 
in vesicles: curvature-induced forces and particle-induced 
curvature. Phys Rev Lett 1997, 80409-412. 

The depletion effect was investigated in soft membranes and found poten
tially to introduce shape transitions of the vesicles. Larger particles {0.5 µJ 
were pushed to the vesicle walls and to regions of higher curvature in the 
walls. 

55. Poulin P, Stark H, lubensky TC, Weitz DA: Novel colloidal 
• interactions in anisotropic fluids. Science 1997, 275:1770·1773. 
Water droplets in nematic liquid crystals experience short-range repulsive 
and long-range attractive forces as a result of strain energy in the nematic 
director. 

56. Giersig M, Mulvaney P: Formation of ordered two-dimensional 
gold coRoid lattices by eledrophoretic deposition. J Phys Chem 
1993, 97:6334-6336. 

57. Gierslg M, Mulvaney P: Preparation of ordered colloid 
monolayers by electrophoretic deposition. Langmuir 1993, 
9:3408-3413. 

58. Trau M, Saville DA, Aksay IA: Field-induced layering of colloidal 
• crystals. Science 1996, 272:706-709. 
Bectrophoretically deposited colloidal particles are made to move laterally 
towards one another in an electrolytic cell. The result is the assembly of 
two· and three-dimensional colloidal crystals. Electrohydrodynamic effects 
are invoked to explain the results. 

59. Yeh SR, Seul M, Shraiman Bl: Assembly of ordered colloidal 
• aggregates by electric-field Induced flow. Nature 1997, 386:57· 

59. 
New experiments and a quantitative explanation of the electohydrodynamic 
effect used therein and [33] is provided. 

60. Schmitt J, Decher G, Ores.sick WJ, Brandow SL, Geer RE, 
Shashidhar R, Calvert JM: Metal nanoparticle/polymer 
superlattice films: fabrication and control of layer structure. 
Adv Mater 1997, 9:61-65. 

Well-defined layers of gold particles and polymers were made. Electronic 
interactions among gold particles {hence, optical properties of the film) were 
controlled by varying !he separation between layers of 
particles. 

61. Fendler JH: Self-assembled nanostructured materials. Chem 
• Mat 1996, 8:1616-1624. 
A review paper incuding, among other things, the use of alternating layers 
of semiconductor nanoparticles and polyelectrolytes to build up a stacked 
film. Comparison to Langmuir-Blodgett technique. 

62. Hostetler MJ, Murray RW: Colloids and self-assembled 
•• monolayers. Curr Opin Colloid Interface Sci 1997, 2:42·50. 



l 

Relliew of recent work on functionalizing the surfaces of nanometer scale 
particles. Particle characterization and two- and three-dimensional assembly 
were discussed. 

63. Moffer M, Spatz JP: Mineralization of nanoparticles in block 
• copolymer miceHes. Curr Opin Colloid Interface Sci 1991, 2:177 -

187. 
A useful review that includes two- and three-dimensional ordering of nanome
ter scale particles by drying and by using micelles as a template. Also a brief 
relliew of effects of the shape and spacing of coHoidal aggregates on optical 
properties. 

64. Nagayama K: Two-dimensional self-assembly of colloids in thin 
•• liquid films. Colloid Surf A 1996, 109:363-374. 
The technique of convective assembly was demonstrated (and reviewed) 
with polystyrene spheres between 50 nm and 3.5 µm in size, and with 12 nm 
ferritin protein molecules. 

65. Paransky J, Dinsmore AD, Yu ZM, Aggarwal M, Yodh AG, 
Johnson AT: Fabrication and optical band structure 
measurements of colloidal photonic crystals [abstract). Bull 
Am Phys Soc 1997 42:157. 

66. van Blaaderen A, Ruel R, Wdtzius P: Template-directed colloidal 
.. crystallization. Nature 1997, 385:321-324. 
A pattern with a 0.6 k.BT drop in gravitational potential energy relative to 
adjacent surfaces was etched into polymethylmethacrylate. Sedimenting s,1-
ica particles fell into the holes, and acted as a template for colloidal crystal 
growth. 

67. Imhof A, Pine OJ: Stability of nonaqueous emulsions. J Colloid 
Interface Sci 1997, 192:368-374. 

68. Yablonovitch E: Inhibited emission in solid-state physics and 
.. electronics. Phys Rev Lett 1987, 58:2059-2062. 
Excellent introductions to photonic band gaps, theory and possible applica
tions. 

69. Yablonovitch E: Photonic band structure. In Photonic Band Gaps 
• and localization. Edited by Soukoulis CM New York: Plenum 

Press; 1993:207-234 
A review of the fundamental physics and potential applications of photonic 
band-gap materials. 

70. Joannopoulos JD, VIileneuve PR, fan S: Photonic crystals: putting 
a new twist on tight Nature 1997, 386:143-149. 

71. Kitson SC, Barnes Wl, Sambles JR: Full photonic band gap for 
• surface modes in the visible. Phys Rev Lett 1 996, n:2670-

2673. 
first demonstration of a fufl photonic band gap inthe visible range 
(1.9-2.0 eV) in two dimensions. Surface plasmon polari1ons on a silver sur
face with a regular array of dots exhibited a full band gap. 

Self-assembly of colloidal crystals Dinsmore, Crocker and Yodh 11 

12. Anderson CM, Giapis KP: larger two-dimensional photonic 
band gaps. Phys Rev Lett 1996, 77:2949-2952. 

73. T arhan II, Watson GH: Photonic band structure of fee colloidal 
crystals. Phys Rev Lett 1996, 76:315-318. 

74. Pradhan RD, Bloodgood JA, Watson GH: Photonic band 
structure of bee colloidal crystals. Phys Rev B 1997, 55:9503-
9507. 

75. Pradhan RO, Tarhan II, Watson GH: Impurity modes in the 
• optical stop bands of doped coffoidal crystals. Phys Rev B 

1996, 54:1-6. 
Crytstallites of polstyrene spheres were 'doped' with small amounts of parti· 
cles with different sizes and refractive indices. With increasing dopant con
centration, the stop band along the 11 11 I direction widened and impurity 
bands appeared within it. 

76. Sigalas MM, Soukoulis CM, Biswas R, Ho KM: Effect of the ; 
magnetic permeability on photonic band gaps. Phys Rev B -' 
1997, 56:959-962. 

77. Lidorikis E. Li Q, Soukoulis CM: Optical bistability ln colloid_al 
crystals. Phys Rev Lett 1997, 55:3613-3616. · 

78. Lidorikis E. Li Q, Soukoulis CM: Wave propagation in nonlinear 
multilayer structures. Phys Rev B 1996, 53:10249-10252. 

79. Li Q, Chan CT, Ho KM, Soukoufis CM: Wave propagation in 
nonlinear photonic band•gap materials. Phys Rev B 1996, 
53:15577-15585. 

80. Pan G, Kesavamoorthy R, Asher SA: Optically nonlinear bragg 
• diffracting nanosecond optical switches. Phys Rev Lett 1997, 

78:3860-3863. 
Dyed colloidal spheres were crystallized in a refractive-index-matched sol· 
vent. Within 2.5 ns of being pumped by a pulse of green light, the intensity 
of red light Bragg-scattered by the crystal jumped from 0 to 2%. 

81. Jethmalani JM, ford WT: Crystal structure of monodisperse 
colloidal silica in poly(methyl acrylate} films. Langmuir 1997, 
13:3338-3344. 

82 Park M, Harrison C, Chaikin PM, Register RA, Adamson DH: 
• Block copolymer lithography : periodic arrays of 1011 holes 

in one square centimeter. Science 1997, 276:1401-1404. 
Microphase separation of diblock copolymers in a thin film. Dense periodic 
arrays of holes and dots were fabricated in a silicon-nitride coated silicon 
wafer. The holes are 20nm across, 40nm apart and in a po!yc!ystalline 
hexagonal pattern with a grain size of roughly 1 0 nearest neighbors. Spin
coated diblock copolymers with either spherical or cylindrical microdomains 
were used to define th,:; pattern. 



12 

Structural properties of self-assembled polymeric micelles 
Kell Mortensen 

At present, the thermodynamic understanding of complex 
copolymer systems is undergoing important developments. 
Block copolymers aggregate in selective solvents into 
micelles of various form and size depending on molecular 
architecture and interaction parameters. The micelles 
constitute the basis for a variety of novel mesophases, 
including biocontinuous phases and networks of ordered 
cross-linking micelles. Research has focused on structural 
studies of block copolymer systems, using small-angle 
scattering of X-rays and neutrons. 
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Abbreviations 
AB Diblock copolymer composed of an A and a B block 
ABA Symmetric triblock copolymer composed of 

A and B blocks where the A block is soluble 
in the relevant solvent 

BAB Symmetric tnblock copolymer composed of 
A and B blocks where the A block is soluble 
in the relevant solvent 

C 

EOm 
I 
PBO 
POMS 
PE 
PEB 
PEE 
PEO 
PEP 
Pl 
PIB 

PO" 
PPO 
PS 

copolymer concentration 
poly(ethylene oxide) with m monomers 
scattering intensity 
poly(butylene oxide) 
poly(dimethyl siloxane) 
poly(ethylene) 
poly(ethylene butylene) 
poly(ethyl ethylene) 
poly(ethylene oxide) 
Poly(ethylene propylene) 
poly{isoprene) 
poly(isobutylene) 
poly{propylene oxide) with n monomers 
poly(propylene oxide) 
poly(styrene) 
scattering momentum transfer 
micellar volume fraction 
critical micellar volume fraction for hard-sphere crystallization 

Introduction 
The physical properties of amphiphilic macromolecules 
constitute a rich topic which, in recent years, has 
attracted interests within both applied and basic science 
{1-3,4••-7 .. J. Currently, the field is extremely active, and a 
concise review of recent progress can include only limited 
aspects of the recent results. 

When block copolymers are mixed in a solvent which 
dissolves only one of the blocks, the molecules self 
-associate into specific structures co avoid direct contact 

between solvent and the blocks which are insoluble. 
This self-association gives rise to a wide range of 
phase behavior, including the formation of micelles 
of various forms and sizes, complexly structured mi
croemulsions, and liquid crystalline phases. A variety of 
block copolymers, including blocks of poly(styrene) (PS), 
poly(isoprene) (Pl) poly(ethylene) (PE), poly(ethylene 
propylene) (PEP), and poly(ethylene butylene) (PEB), 
have been studied in this context when dissolved in 
selective organic solvents. In aqueous solucions, block 
copolymers based on poly(ethylene oxide) (PEO), as the 
water-soluble block have been investigated to a large 
extent. The insoluble or less-soluble blocks have, for ex
ample, been poly(propylene oxide) (PPO), poly(dimethyl 
siloxane) (PDMS), poly(butylene oxide) (PBO), PS, and 
poly(isobutylene) (PIB). In this paper I will review some of 
the recent progress on complex block copolymer systems, 
where the main focus has been on structural studies based 
on small-angle scattering of X-rays and neutrons. 

Block copolymer self •association into micellar 
aggregates 
It is well established that a variety of block copolymers of 
AB or ABA type form micelles in solvents, which are ther
modynamically good for the A block and precipitants for 
the B block. Such micelles constitute a liquid dispersion 
of hard-sphere interacting units. BAB copolymers may also 
form individual micelles, but chis implies that all polymer 
chains start and end in the same miceHar core having the 
middle A-block dispersed into the liquid. It is more likely 
that such micelles form interconnected networks, where 
cores are connecte-O by the soluble A-polymer block, as 
shown schematically in Figure l. 

Critical micellization temperature and 
concentration 
In general, micellizacion of block copolymers assumes an 
equilibrium between molecularly dispersed copolymers 
(unimers) and mulcimolecular aggregates (micelles). The 
thermodynamic approach for describing the aggregation 
process has been calculated based on lattice models 
with the mean-field Flory-Huggins type of segmental 
interactions {8,9•]. 

Ideal model systems for studying the micellization process 
and micetlar interactions are aqueous systems of block 
copolymers composed of PEO with either PPO or PBO, 
because at low temperatures all these polymers are 
hydrophilic, but at higher temperatures PPO and PBO 
become hydrophobic. At low temperature aqueous solu
tions of PEO-PPO-PEO and PEO-PBO-PEO therefore 
appear as unimers. Structural studies based on scatter
ing {5••] and •H-NMR relaxation {10] indicate chat the 
PEO-PPO-PEO unimers resemble unimolecular micelles 


