
richinents of 13% (Fig. 1) and may actually 
result in a slight depletion. Consequently, 
reactions 5a and 5b must be responsible for 
the enrichment. A tunable diode laser exper- 
iment (19) revealed that the symmetric mol- 
ecule fonned in reaction 5b may contribute 
only 10% to the enrichment, and therefore 
reaction 5a must carry a large rate coefficient 
advantage of -43% to account for the inass 
spectrometric observations. 

More detailed conclusions from the rela- 
tive rate coefficients that are shown in Table 
1 can only be drawn when the values of the 
three homonuclear reaction rates for ozone 
are knowm Using the absolute values for 1 6 0  

+ 320, and '9 + 3602 that were derived by 
Anderson et al. (20), we inferred by interpo- 
lation that the rate coefficient for 170 + 3402 
is 6.15 X 10-3"m6 s-' (21). The missing 
rates contributing to a specific isotope can 
now be calculated from the total enrichments 
measured in scrambled oxygen mixtures (Fig. 
1). The derived rate coefficient ratios in Table 
2 represent the sum of the symmetric and 
asymmetric reaction channels, which may be 
separated in future tunable diode laser exper- 
iments. The rule derived for atomic oxygen 
collisions also holds for reactions with het- 
eronuclear species: 1 6 0  collisions result in a 
higher rate of formation. whereas collisions 
with ''0 are close to the fonnation rate of the 
reaction 1 6 0  + 3202. Reaction 1 6 0  + 1s0160 
is the fastest, 160 + 1 7 0 1 6 0  and 1 7 0  + 
1s0170 are similar but slower, 1 7 0  + 1 6 0 1 7 0  

and "0 + "01'0 are even slower. and ''0 
+ 160180 is the slowest. 

The results presented here provide new 
insights into the puzzling ozone isotope ef- 
fect. It is not the symmetry of a molecule that 
determines the magnitude of the enrichment, 
but rather it is the nature of the collision 
process that occurs when ozone is produced 
in a nitrogen-oxygen gas mixture. 
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Self -Assembly of Ordered 
Microporous Materials from 
Rod-Coil Block Copolymers 

Samson A. Jenekhe* and X. Linda Chen 

Rod-coil diblock copolymers in a selective solvent for the coil-like polymer 
self-organize into hollow spherical micelles having diameters of a few mi- 
crometers. Long-range, close-packed self-ordering of the micelles produced 
highly iridescent periodic microporous materials. Solution-cast micellar films 
consisted of multilayers of hexagonally ordered arrays of spherical holes whose 
diameter, periodicity, and wall thickness depended on copolymer molecular 
weight and composition. Addition of fullerenes into the copolymer solutions 
also regulated the microstructure and optical properties of the microporous 
films. These results demonstrate the potential of hierarchical self-assembly of 
macromolecular components for engineering complex two- and three-dimen- 
sional periodic and functional mesostructures. 

Ordered mesoporous solids with nanoscale pore 
sizes are of interest in areas such as catalysis, 
sensors, size- and shape-selective separation 
media; adsorbents, and scaffolds for composite 
materials syntllesis (I: 2). Those with pore sizes 
on the order of 50 nrn to 10 ym are also of 
interest for applications in photonics, optoelec- 
tronics, ligl~tweight structural materials, and 
thermal insulation (2-5). Most current general 
methods for preparing diverse porous materials 
use self-organized surfactants, block copoly- 
mers; or colloidal particles as templates in con- 
junction with sol-gel techniques (1-3). In these 
methods, the organic templates are eventually 
removed by themlal decomposition or solvent 
extraction to achieve the porous solid. Recently 
reported hollow spherical micelles of rod-coil 
diblock copolymers ( 6 )  represent a previously 
unknown class of colloidal particles (7). Their 
self-organization into long-range crystalline or- 
der could open the way to novel colloidal crys- 
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tals (8, 9); unusual microgels, and direct self- 
assembly of ordered microporous materials. 

Polymer latex and silica spheres are known 
to form colloidal crystals (8: 9); but long-range 
ordering of suspensions of block copolymer 
micelles into body-centered cubic (bcc) and 
face-centered cubic (fcc) lattices was observed 
and elucidated more recently (10). Micelles of 
coil-coil block copolymers in a selective sol- 
vent for one of the blocks are spheres consisting 
of a dense core of the insoluble block and a 
diffuse corona of the solvated block (IGI2) .  
Copolymer architecture and solution chemistry 
have been used to vary their diameter between 
about 10 and 80 nm and the corona thickness 
relative to the core radius (1&12). Micellar 
crystallization into either an fcc or a bcc lattice 
is detemlined by the length scale and steepness 
of repulsive interactions that can be controlled 
by the ratio of the coronal layer thickness to 
the core radius (10). However; the implica- 
tions of the unusual micellar structures of 
rod-coil block copolymers ( 6 ,  13) for reg- 
ulating these repulsive interactions, micel- 
lar crystallization, and crystal lattice selec- 
tion are yet to be investigated. 

We report the self-organization of hollow 
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spherical micelles from a rod-coil diblock gates looks somewhat like red blood cells be- colloidal crystallization of polymer latex 
copolymer system in a selective solvent for cause of distortion and partial collapse of the spheres (8, 9). Only discrete, nonaggregated 
the flexible-coil block and their long-range, 
close-packed self-ordering into iridescent, or- 
dered microporous solids. This hierarchical 
self-assembly approach to microporous solids 
represents a nontemplate strategy (Fig. 1). 
The micellar structure, consisting of a hollow 
core, a rodlike inner shell, and a flexible-coil 
outer corona, has a diffuse corona character- 
istic of coil-coil block copolymer micelles 
(10,12). Steric repulsion-driven self-ordering 
and crystallization of coil-coil diblock mi- 

hollow spheres due to drying. Additional mi- 
croscopic observations under bright field and 
crossed polarizers confirmed that the micelles 
formed by all three copolymer samples had 
approximate diameters of 3 to 5 pm. Polarized 
optical microscopy indicated that the micelles 
were highly ordered. This ordering originates 
from orientationally ordered radial packing of 
the rigid, rodlike blocks; micellar aggregates of 
coil-coil block copolymers lack such order (11- 
12). The hollow spherical structure of these 

micelles were obtained from very dilute solu- 
tions between 0.005 and 0.01 weight % (Fig. 2, 
A and B). However, even at 0.01 weight %, the 
particle number density is sufficiently high for 
the onset of 2D micellar ordering to be visible 
in regions of a monolayer film (Fig. 2B, ar- 
rows). Micellar films cast from 0.5 weight % 
had a controllable thickness of about 4.5 to 35 
pm and consisted of stacks of one to eight 
layers of hexagonally close-packed (hcp) 2D 
lattices of spheirical air holes in a polymeric 

celles and their demonstrated control through rod-coil diblock micelles in CS, is, however, matrix. An example is the -27-pm-th&k mi- 
the corona block length (1 0) are thus also different from that formed by the same copol- cellar film of PPQ,$S,,,, which reveals a 2D 
viable options here. The rod-coil diblock co- ymers in trifluoroacetic acidklichloromethane hcp structure when viewed from the top (Fig. 
polymer system we investigated is poly(phe- (a selective solvent for the rodlike blocks) (6, 2C) and was visually highly iridescent at vari- 
nylquino1ine)-block-polystyrene (PPQ,PS,, 13) in that here the solvated coil-like blocks are ous reflection angles, akin to a credit card ho- 
where rn and n are the number of repeat units on the convex side. A profound consequence of logram. The air holes revealed by carefully 
of the respective blocks) in carbon disulfide 
(CS,), which is a selective solvent for PS 
block. The specific diblock compositions we 
studied are PPQ,,PS,,,, PPQloPSlooo, and 
PPQ,,PS,,,,, which are either identical to 
those we previously reported (6, 13) or sim- 
ilarly made. The basic synthetic chemistry is 
that associated with the rigid, rodlike conju- 
gated PPQ homopolymer (14),  which is high- 
ly fluorescent and has nonlinear optical prop- 
erties (15). 

the stiffness asymmetry of a rod-coil diblock peeling off part of the top layer with an adhe- 
copolymer is thus that the same macromolecule sive tape largely reflect the original hollow 
in two different selective solvents can self- spherical micelles. The moderate mechanical 
organize into two qualitatively different colloi- properties of these self-ordered micellar films 
dal particles: hollow hard spheres and hollow 
soft spheres. 

Self-ordering of these hollow soft spheres 
into two- (2D) and three-dimensional (3D) pe- 
riodic structures was studied by optical and 
electron microscopy of micellar films cast from 
diblock solutions of v q i n g  initial concentra- 

We investigated solutions (0.005 to 1.0 tions in ways similar to studies of 1 
weight % diblock) in CS, and monolayer and 1 
multilayer films cast from them at room tem- I 

perature (25°C). Direct optical, fluorescence, 
and scanning electron microscopy observa- 
tions of discrete micellar aggregates and their 
higher order assembly into large-scale peri- 
odic microstructures were made. The ~oss i -  
ble effects of both the local structure bf the 
micellar building block and the large-scale m 

Rod CUR 

I 
periodic microstructure on the spontaneous 
emission of the PPQ chromophores of the 
diblocks were probed by previously de- 
scribed steady-state and time-resolved pho- 
toluminescence techniques (1 6). 

Theoretical studies of the possible equilibri- 
urn structures of micelles of rod-coil block co- 
polymers in a selective solvent for the coil-like 
block have been reported (1 7). Because of the 
difficulty of efficient space-filling packing of 
rodlike blocks into a spherical or a cylindrical 
core, various alternative space-filling core-co- 
rona models, such as disklike cylindrical mi- 
celles and monolayer and bilayer "hockey 
puck" micelles, have been proposed (1 7). How- 
ever, experimental data have heretofore been 
unavailable to test these models (18). Our ex- 
perimental results show that rodcoil diblock 
chains solve the steric problem associated with 
packing rodlike blocks radially into a sphere in 
a surprising way not anticipated by theory: a 
hollow sphere. Fluorescence photomicrographs 
of micelles formed by PPQ,,PS,, in CS, pro- 
vide evidence of hollow spheres (Fig. 2, A and 
B). The shape of the discrete micellar aggre- 

Fig. 1. Molecular structure of the rod-coil 
diblock copolymer PPQ,PS and schematic il- 
lustration of its hierarchicarself-assembly into 
ordered microporous materials. 

Fig. 2. Fluorescence photomicrographs of solu- 
tion-cast micellar films of PPQ,,PS obtained 
by ambient air drying of different biglock solu- 
tion concentrations in CS,: (A) 0.005 weight %, 
(0) 0.01 weight %, and (C) 0.5 weight %. 
Arrows in (B) indicate regions of self-ordering 

www.sciencemag.org SCIENCE VOL 283 15 JANUARY 1999 



R E P O R T S  

suggest that substantial interdigitation of the reductions, respectively, at 10 mg of C,, per 
polystyrene coronal chains occurs between the gram of PPQ,oPS,,, (Fig. 4B). The wall thick- 
micellar building blocks of the microporous 
solid. 

Defect-free microstructure of the periodic 
microporous films of all three block copoly- 
mers covered areas as large as 1 cm2 and varied 
with composition and molecular weight. From 
the polarized optical and scanning electron mi- 
crographs of micellar films of PPQ5,PS2,,, 
(Fig. 3, A to C), a 2D hcp lattice of spherical air 
holes having a diameter (D) of 3.4 + 0.2 pm 
and a center-to-center hole periodicity (p) of 
4.4 + 0.2 pm was observed from the top layer. 
The -3 1-pm film consisted of seven layers of 

ness increased slightly with fullerene loading. 
Similar effects of fullerene C,, or C, on self- 
organized microporous films of PPQ,$S,, 
and PPQ5,PS2, were obsewed. Self-assem- 
bly of microporous films was no longer ob- 
served in any of the three diblock copolymers at 
high fullerene loading (>20 mg/g). These re- 
sults suggest that the fullerene is incorporated 
within the PS corona of the micellar building 
blocks, as expected from their mutual compat- 
ibility (6). These findings also suggest a simple 
way of controlling the hctional properties of 
the microporous materials independently of co- 

air hole lattices of which the top layer is open polymer architecture and composition. 
(Fig. 3, B and C). The progressive decreases of Because of their spatially periodic varia- 
the hole diameter and periodicity of the micro- tion of refractive index, these self-organized 
structure with the PS block length were approx- ordered microporous materials with or with- 
imately linear (Fig. 3D), decreasing to 2.6 ? 
0.2 and 2.8 ? 0.2 pm, respectively, for micellar 
films of PPQ,,PS,,,. The minimum wall thick- 
ness h (= p - D), which was in the range of 0.2 
to 1.0 pm for the three copolymer composi- 
tions, also varied linearly with the PS coronal 
chain length. Evidence of the 3D order of 
these multilayer films includes their colorful 
iridescence (2, 8, 9) and observation of or- 
dered arrays of the air holes when multilayer 
films were viewed from the side or by se- 
quential removal of layers from the top (19). 

Addition of small amounts (<20 mg of 

out fullerenes are promising, easy to produce 
photonic band gap structures (2, 4). These 
periodic dielectric composites of air holes 
(refractive index no = 1) and diblock walls 
(no = 1.6 for PS and 1.8 for PPQ) have a high 
refractive index contrast. The higher index 
contrast in fullerene-containing micellar 
films, C,, (no = 1.94) and C,, (no = 2.00 to 
2.12) (20), can explain their superior optical 
properties. However, the present hole diam- 
eters and periodicities are comparable to in- 
frared (IR) wavelengths. Reductions in D and 
p to sizes comparable to visible wavelengths 

lllerene per gram of diblock) of lllerene (c,, are desirable for some photonic and optoelec- 
or C,) into the solutions in CS, substantially tronic applications (4). 
modified the microstructural of the 
ordered microporous films (Fig. 4). Although 
these fullerene-containing micellar films had 
superior iridescence colors compared with sim- 
ilar microporous films without fullerene, they 
were more brittle, with visible cracks. The hole 
diameter and periodicity decreased with the 
amount of fullerene loading, up to 29 and 25% 

Substantial modification of the spontane- 
ous emission of the PPQ blocks in the self- 
assembled, periodic microporous films, com- 
pared with the isolated chromophores dis- 
persed in a matrix of poly(ethy1ene oxide) 
(PEO), was observed by photoluminescence 
emission (PL) and excitation (PLE) spectros- 
copies (Fig. 5). Isolated PPQ chromophores 

[(B) and (C)]. The 5 

scanning electron mi- 
crograph samples ' ' * *  7 4  

were coated with a # 
10-nm gold layer. The , 

'2 3 

scanning electron mi- , , a!-+; 
crograph image in (0) a* ' k 2  
is 6 e '  top vkw, a'nd 1 m 
that in (C) is of the C *  t 
same sample tilted OO 500 1000 1500 2000 2500 

4 5 O  from the beam A _ , , Repeat  unlts of PS - & 

axis to reveal 3D - -  - 

structure. (D) variation of D, p, and h of ordered microporous films with the number of PS repeat 
units in the diblocks. 

of the PPQ,,PS,,, diblock have emission and 
excitation bands at 466 and 393 nm, respec- 
tively. In contrast, the micellar films of 

per~odicdy, P E *- -- -- .- - 
Diameter. D 
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Wall thekness, h ." '1 -------*--------a 
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Fig. 4. (A) Polarized optical micrograph of a 
microporous micellar film of PPQ,,PS,, ob- 
tained from a 0.5 weight % solution contaming 
5 mg of C, per gram of diblock. (B) Depen- 
dence of rn~crostructural parameters of rnicellar 
films of the same diblock on fullerene loading. 

Wavelength (nm) 

l o 5  

Time (ns) 

Fig. 5. (A) PL emission (390-nm excitation) and 
PLE excitation (460-nm emission) spectra of a 
micellar film of PPQ,,PS, and of the same 
diblock chains homogeneously dispersed (0.1 
weight %) in a PEO film. (B) PL decay dynamics 
of the same samples in (A) when excited at 360 
nm and monitored at 490 nm. 
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Bases in Double Helical DNA 
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engineering and biomaterials (22); fabrica- 
tion of molecular electronic devices (231, op- Fluorescent analogs of adenine that selectively oxidize guanine were used to 
tically tunable and responsive coatings, and investigate photoinduced electron transfer through the DNA n-stack as a 
processing of "soft" colloidal materials. By function of reactant stacking and energetics. Small variations in these factors 
combining different micellar building blocks led to profound changes in the kinetics and distance dependences of DNA- 
and colloidal particles such as dendrimers or mediated electron-transfer reactions. Values of P, a parameter reflecting the 
polymer lattices; self-assembly of very un- dependence of electron transfer on distance, ranged from 0.1 to 1.0 per ang- 
usual periodic mesoscopic structures with tai- strom. Strong stacking interactions result in the fastest electron-transfer ki- 
lorable functions may be possible. netics. Electrons are thus transported preferentially through an intrastrand 

rather than interstrand pathway. Reactant energetics also modulate the dis- 
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