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We report the development of a method for creating new 
submicron periodic materials. These materials will have numerous 
applications in various areas of technology. This periodic material 
is composed of a body-centered cubic (BCC), face-centered cubic 
(FCC), or random hexagonal stacked array of spherical particles 
in which the periodicity is locked into a hydrogel polyacrylamide 
network.' The lattice constant of this array can be varied between 
ca. 10 nm and > 1 fim. The particles are generally monodisperse 
polymer or inorganic spheres with diameters smaller than the 
lattice constant of the array. The volume percent of particles can 
be made as large as ca. 75% or smaller than 1%. 

The periodic array forms through the electrostatic self-assembly 
of charged colloidal particles. It is well-known that submicron 
periodic ordered structures called crystalline colloidal arrays 
(CCA) will self-assemble from monodisperse colloidal spheres 
containing surface functional groups that ionize in solution.2-5 If 
these spheres are dispersed in a polar medium such as water, the 
surface groups ionize to form spherical macroions which are 
surrounded by a diffuse counterion cloud. If the solution medium 
is pure and contains few other ionic species, the repulsive 
interaction between spherical macroions can be significant over 
macroscopic distances greater than 1 j im. w For high particle 
concentrations (>1013/cm3) significant interparticle repulsion 
occurs at the average interparticle spacing; the minimum energy 
configuration for the assembly of spherical macroions is a BCC 
or FCC crystal structure. 

Monodomain CCA arrays can be made very large; these well-
ordered crystalline arrays efficiently Bragg diffract light.2 Our 
group has developed techniques to grow large, thin single crystals 
of these arrays for use as Bragg diffraction devices.2-9 For example, 
Figure 1 shows diffraction from a CCA composed of 150-nm 

* Author to whom correspondence should be sent. 
(1) Asher, S. A.; Jagannathan, S. U.S. Patent 5,281,370, 1994. 
(2) (a) Asher, S. A. U.S. Patents 4,627,689,4,632,517. (b) Kesavamorthy, 

R.; Jagannathan, S.; Rundquist, P. A.; Asher, S. A. J. Chem. Phys. 1991, 94, 
5172-5179. (c) Rundquist, P. A.; Kesavamoorthy, R.; Jagannathan, S.; Asher, 
S. A. J. Chem. Phys. 1991,95,1249-1257. (d) Kesavamoorthy, R.; Tandon, 
S.; Xu, S.; Jagannathan, S.; Asher, S. A. J. Colloid Interface Sci. 1992,153, 
188-198. (e) Rundquist, P. A.; Jagannathan, S.; Kesavamoorthy, R.; Brnardic, 
C; Xu, S.; Asher, S. A. J. Chem. Phys. 1990, 94, 711-717. (0 Carlson, R. 
J.; Asher, S. A. Appl. Spectrosc. 1984,38,297-304. (g) Asher, S. A.; Flaugh, 
P. L.; Washinger, G. Spectroscopy 1986, /, 26-31. (h) Flaugh, P. L.; 
O'Donnell, S. E.; Asher, S. A. Appl. Spectrosc. 1984, 38, 847-850. 

(3) (a) Krieger, I. M.; O'Neill, F. M. J. Am. Chem. Soc. 1968, 90, 3114. 
(b) Hiltner, P. A.; krieger, I. M. J. Phys. Chem. 1969, 73, 2386-2389. (c) 
Hiltner, P. A.; Papir, Y. S.; Krieger, I. M. J. Phys. Chem. 1971, 75, 1881-
1836. 

(4) (a)Clark,N.A.;Hurd,A.J.;Ackerson,B.J.Nature 1979,281,57-60. 
(b) Ackerson, B. J.; Clark, N. A. Phys. Rev. Lett. 1981,46,123. (c) Aastuen, 
D. J. W.; Clark, N. A.; Cotter, L. K.; Ackerson, B. J. Phys. Rev. Lett. 1986, 
57, 1733. (d) Hurd, A. J.; Clark, N. A.; Mockler, R. C; O'Sullivan, W. J. 
Phys. Rev. A 1982, 26, 2869. 

(5) Monovoukas, Y.; Gast, A. P. J. Colloid Interface Sci. 1989,128,533-
548. 

(6) (a) Derjaguin, B.; Landau, L. Acta Physicochim. URSS1941,14,633. 
(b) Verwey, E. J. W.; Overbeek, J. G. Theory of the Stability of the Lyophobic 
Colloids; Elsevier: Amsterdam, 1948. 

(7) (a) Russel, W. B.; Saville, D. A.; Schowalter, W. R. Colloidal 
Dispersions; Cambridge Univ. Press: Cambridge, 1989. (b) Hiemenz, P. C. 
Principles of Colloid and Surface Chemistry; Marcel Dekker: New York, 
1986. 

(8) Sood, A. K. In Solid State Physics; Ehrenreich, H., Turnbull, D., Eds.; 
1990; Vol. 43, p 1. 

(9) Rundquist, P. A.; Photinos, P.; Jagannathan, S.; Asher, S. A. J. Chem. 
Phys. 1989,o;,4932-4941. 

0002-7863/94/1516-4997$04.50/0 

200 400 600 800 
wavelength / nm 

Figure 1. Extinction spectra of a liquid crystalline colloidal array (CCA) 
and a polymerized crystalline colloidal array (PCCA). The CCA and 
PCCA were composed of 150-nm polystyrene spheres with surface 
sulfonate groups in a liquid medium containing 50% N-vinylpyrrolidone, 
17% acrylamide, 4.5%/V,W-methylenebis(acrylamide), and \% benzoin 
methyl ether. The similarity of the diffraction peaks of the CCA and 
the PCCA indicates that little disturbance of the array occurred upon 
polymerization. The refractive index of the system is ca. 1.44. 

polystyrene spheres with a particle concentration of 9.4 X 1013 

spheres/cm3, which corresponds to a volume fraction of 8.3%. 
These spheres were made by emulsion polymerization of styrene 
with divinylbenzene as a cross-linker and the sodium salt of 
l-(allyloxy)-2-hydroxypropanesulfonate (COPS-I) as an ionic 
monomer. Each sphere contains 7600 ionizing sulfonate groups. 
The Bragg diffraction at 525 nm occurs in the dynamical 
diffraction regime and almost follows the classical Bragg's law:9 

X0 = 2nd sin B 

where Xo is the wavelength of light in vacuum, n is the refractive 
index of the system, d is the plane spacing, and 6 is the Bragg 
glancing angle. 

These liquid-phase CCA are stable, but will transiently disorder 
under shock. The CCA will also disorder upon introduction of 
ionic impurities which screen the interparticle repulsive interac­
tions. Thus, their long-term stability depends upon the cleanliness 
of their environment and their containers. 

We have developed an approach to permanently lock in the 
CCA array ordering in a solid matrix. We introduce into the 
CCA highly purified nonionic polymerizable monomers that can 
form a hydrogel network around the CCA spheres. For example, 
we form a solid CCA matrix by introducing highly purified 
acrylamide, AyV'-methylenebis(acrylamide), and iV-vinylpyr-
rolidone into the CCA solution, and we use UV light to excite 
benzoin methyl ether to initiate the polymerization. 

This liquid polymerized CCA (PCCA) forms a solid hydrogel 
which locks in the CCA periodic order; the CCA will remain 
stable in the presence of these polymerizable species provided 
that the monomers do not contain ionic impurities. The CCA 
polymerization results in only modest changes in the CCA ordering 
as evidenced by the modest alterations of the diffraction peak 
(Figure 1). The hydrogel film is very stable; addition of solutes 
does not perturb the array ordering since the lattice order no 
longer depends upon electrostatic interactions between spheres. 

The PCCA hydrogel film formed is elastic and contains 30 vol 
% water. Stretching the gel causes the diffraction peak wavelength 
to decrease in response to a decrease in the layer spacing;10 the 
layer spacing along the film normal decreases as the film is 
stretched (Figure 2). 
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Figure 2. (a) Extinction spectra of a polymerized crystalline colloidal 
array (PCCA) composed of 170-nm colloidal particles polymerized in a 
hydrogel composed of 50% iV-vinylpyrrolidone, 6% acrylamide, and 1% 
JV,W-methylenebis(acrylamide). The PCCA shows a diffraction maxi­
mum at 57 3 nm. (b) Extinction spectrum of the PCCA during a uniaxial 
strain in the plane of the film; the diffraction maximum shifts down to 
538 nm due to the decrease in the interplanar distances, (c) Extinction 
spectrum of the PCCA after the stress was relieved. The PCCA again 
shows a diffraction maximum at 573 nm. 

The water medium in the film can be replaced by other materials 
without changing the CCA ordering. For example, in our work1' 
on developing optical limiters we have used benzyl alcohol to 
refractive index match a PCCA made from poly(methyl meth-
acrylate) spheres and hydrogel network above. Although the 
periodic order is maintained, the refractive index matched system 
does not Bragg diffract light. However, any perturbation which 
alters the relative refractive index between the spheres and the 
medium causes the array to diffract light; the device becomes an 
optical limiter. 

The liquid medium of the PCCA can also be replaced by a 
polymerizable monomer or inorganic glass precursor. Polym­
erization or condensation of this system results in a rigid film 
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which contains the submicron periodic structure. The shape 
remains identical to that of the original PCCA film. 

The work here demonstrates a motif for preparing solid 
submicron periodic systems out of a variety of materials. The 
only requirement is that the spherical particles must be mono-
disperse and possess numerous surface ionizing groups. Mono-
disperse spheres can be prepared from both organic and inorganic 
materials. Emulsion polymerization can be used to synthesize 
monodisperse polymer spheres from polystyrene, polymethyl­
methacrylate), fluorinated polymer materials, etc.12 Monodis­
perse inorganic materials can be synthesized using techniques 
such as the Stober process13 and microemulsion synthesis.14 

Electrostatic self-assembly creates a CCA periodic array with a 
wide variety of possible lattice constants from colloidal particles 
with a wide variety of particle diameters. 

These systems will have numerous applications in technology. 
For example, they will be useful as optical filters2* and optical 
limiterslla'b and variable mechanically controlled wavelength 
rejection filters.10 
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Supplementary Material Available: Experimental details for 
polymerizing the array (1 page). This material is contained in 
many libraries on microfiche, immediately follows this article in 
the microfilm version of the journal, and can be ordered from the 
ACS; see any current masthead page for ordering information. 
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