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Fig. 6. A schematic representation of the pro-
posed zeolite growth mechanism.

that quickly agglomerated after the addition
of the organic template to give 40- to 80-nm
amorphous aggregates. Zeolite A was nu-
cleated in these aggregates within 3 days at
RT. In the system under study, we observed
only one single zeolite crystal per amor-
phous gel particle; thus, aggregation of sev-
eral nuclei is clearly not needed to achieve
crystallization. We propose that high super-
saturation within the gel particles, possibly
coupled with preorganization at the inter-
face of the amorphous network with oc-
cluded solution, is the driving force for
nucleation [see also (/4)]. The amorphous
gel-zeolite particles maintained their aver-
age size over the course of the complete
conversion into (more dense) zeolite A,
suggesting that mass transfer from solution
supplies some of the precursor material.
Solution mass transfer must be the domi-
nant mechanism for the substantial crystal
growth in the same zeolite A suspension at
elevated temperature (no amorphous pre-
cursor material was present), so that solu-
tion-mediated transport at RT should also
be feasible.
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Giant Wormlike Rubber Micelles

You-Yeon Won, H. Ted Davis, Frank S. Bates*

A low molecular weight poly(ethyleneoxide)-poly(butadiene) (PEO-PB) diblock
copolymer containing 50 weight percent PEO forms gigantic wormlike micelles
at low concentrations (<5 percent by weight) in water. Subsequent generation
of free radicals with a conventional water-based redox reaction leads to chem-
ical cross-linking of the PB cores without disruption of the cylindrical mor-
phology, as evidenced by cryotransmission electron microscopy and small-
angle neutron scattering experiments. These wormlike rubber micelles exhibit

unusual viscoelastic properties in water.

Self-assembly of amphiphilic molecules pro-
vides a fundamental mechanism for building
complex soft materials. Familiar examples
include lipid bilayers, the basic element of
cell membranes, soap solutions composed of
oil containing micellar globules in an aque-
ous medium, and pressure-sensitive adhe-
sives formulated with ordered block copoly-
mers. By tailoring the molecular architecture
and distribution of chemical functionality,
discrete supramolecular objects can be creat-
ed with prescribed shape, size, and state of
order. The physical consequences of minor
variations in molecular structure can be dra-
matic, particularly in the dilute limit where
small amounts of amphiphile are added to a
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solvent, often water. This report describes a
new type of self-assembled object—giant
wormlike micelles that can be chemically
cross-linked after dispersion in water. These
fixed micelles are actually individual macro-
molecules with molar masses that are more
than three orders of magnitude greater than
those typical of large conventional synthetic
polymers, ~10° to 10° g/mol. They have a
profound effect on the properties of water at
small concentrations and can be directly im-
aged in vitrified aqueous solution by electron
microscopy.

During the past few years we have been
experimenting with macromolecular surfac-
tants comprised of poly(ethyleneoxide)
(PEO) and various hydrocarbon polymers
such as poly(butadiene) (PB) and the saturat-
ed analog poly(ethylethylene) (PEE) (I, 2).
Our PEO-PB (I) and PEO-PEE (II) diblock
copolyers,
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are chemically similar to conventional non-
ionic surfactants often referred to as CE, [for
CH,,. (OCH,CH,)OH where 4 < i < 22
and 3 =< j < 12] except that they are 10 or
more times greater in molecular weight. The
greater size leads to significantly stronger
amphiphilicity and ordered morphologies in
water over a wider range of compositions and
temperatures (2). Here we focus on the water-
rich region of the phase diagram. We used
nine different PEO-based block copolymers
(types I and II) with molar masses ranging
from 2.9 to 13.1 kg/mol to verify the se-
quence of microdomain shape transitions
from membrane-like bilayers to cylinders to
spheres with increasing PEO composition.
Wormlike micelles were observed in the di-
lute limit over a relatively wide range of PEO
weight fractions, 0.47 < wg, < 0.59. This
report deals with one of these compounds,
OB3, a PEO-PB diblock (I) containing 50%
by weight PEO, a number average molar
mass M,, = 4.9 kg/mol (that is, {m) = 55, (n)
= 45), and a polydispersity index of 1.15. It
was prepared as described in a published
two-step anionic polymerization procedure
3.

The phase behavior of aqueous solutions
of OB3 containing up to 17 weight % block
copolymer between 25° and 75°C is shown in
Fig. 1. At all conditions, the basic morpho-
logical unit is cylindrical, with a PB core
surrounded by a solvated PEO corona. At
block copolymer concentrations >10%, these

i 0

60 L
_6 Isotropic Nematic [ Hexagonal
5 50 H
: —
2 u
R e P
= L

sof H

20 L 1 aladi L n L L L

1] 2 4 6 8 10 12 14 16
Concentration of OB3 (wt.%)

Fig. 1. Aqueous phase behavior of sample OB3,
a diblock copolymer of PEO and PB containing
50 weight % PEO. Phase boundaries were de-
termined by SANS, SAXS, and birefringence
measurements. Actual width of the two-phase
windows was not resolved.
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cylinders are organized on a regular hexago-
nal lattice, as evidenced by x-ray scattering
peaks at the expected sequence of scattering
angles. Between 5 and 10% block copolymer
in water, the cylindrical domains form a one-
dimensional nematic phase. Evidence of the
transition from nematic to hexagonal order
was obtained from small-angle x-ray and
neutron scattering (SAXS and SANS) exper-
iments. At concentrations <5% block copol-
ymer, these mixtures transform to an isotro-
pic solution containing nonlinear cylindrical
structures, often referred to as wormlike mi-
celles. The isotropic-nematic transition was
identified through optical birefringence mea-
surements and SANS experiments. Nematic
order creates significant birefringence and
results in a permanent state of cylinder ori-
entation after being subjected to flow that
produces anisotropic SANS patterns. These
distinct characteristics are absent in the iso-
tropic phase.

Wormlike micelles were directly imaged
in dilute solution by cryo-transmission
electron microscopy (CTEM) (4, 5). Thin
(~10 to 300 nm) films of aqueous solution
were suspended across holes in a perforated
polymer-carbon film—coated TEM copper
grid and then vitrified by rapid cooling with
liquid ethane (~90 K). Digital images were
obtained by using a JEOL 1210 with a
nominal underfocus of ~25 pm to enhance
the phase contrast. A representative CTEM
micrograph taken from a 1% solution of
OB3 in water is shown in Fig. 2A. Long
(>1 pwm) cylindrical micelles are evident in
this image, which reveals dark PB cores

dispersed in a light aqueous matrix (6).

We selected PB as the micelle core mate-
rial because the double bonds present on each
repeat unit (see I) are readily coupled through
standard cross-linking reactions. A water-
soluble redox combination of potassium per-
sulfate (K,S,0,) and sodium metabisulfite
(Na,S,0,)ferrous sulfate (FeSO,-7H,0)
was chosen for the initiation of cross-linking.
This type of free-radical initiator, used exten-
sively in emulsion polymerizations (7), is
ideally suited for generating a specified num-
ber of radicals in the aqueous phase that are
subsequently captured by the nanoscopic mi-
celles. In this work, we produced a relatively
high concentration of radicals, one for every
two PB double bonds, thereby ensuring a
high degree of cross-linking. Although we
have not determined the exact cross-link den-
sity for the chemically fixed micelles, exper-
iments indicate that every block copolymer
has been covalently bonded together within
individual giant wormlike molecules. For ex-
ample, extraction with chloroform, which ef-
ficiently removes unreacted block copoly-
mers from aqueous solution, fails to recover
any detectable OB3 from the cross-linked
system.

A representative CTEM image of a 0.05%
cross-linked solution is shown in Fig. 2B.
Within the resolution of this technique the

cross-linked and pristine wormlike micelles

appear to be indistinguishable (8). A more
quantitative comparison of the core diame-
ters before and after cross-linking was ob-
tained by SANS. Figure 3A shows SANS
results taken from unreacted and cross-

Fig. 2. Direct visualization of the 1% unreacted (A) and 0.05% cross-linked (B) wormlike micelles
of OB3 by CTEM. Sketches illustrate the local structure of pristine and cross-linked PB cores. Use
of a lower concentration in (B) was necessitated by the gel-like character of the 1% cross-linked

solution.
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linked 3% solutions in heavy water (D,0),
plotted as intensity versus scattering wave
vector ¢ = 4w\~ ! sin 6/2 where 6 and \ are
the scattering angle and radiation wave-
length, respectively. By modeling these
scattering results using established method-
ology (9) (solid curves), we have deter-
mined values for the core radius R_ of 71
and 62 A for the unreacted and cross-linked
wormlike micelles, respectively (/0). This
reduction in R_ with reaction exceeds that
based on the densification that accompa-
nies heavy cross-linking of rubber. The
smearing in the scattering curves seen in
Fig. 3A implies a distribution in core radii
of AR /R, =11% for both the pristine and
cross-linked micelles.

SANS experiments also indicate that the
cross-linking reaction is confined to the PB
cores of the wormlike micelles. Solutions
cross-linked at 5% block copolymer con-
centration could be diluted to arbitrarily
low concentrations while remaining homo-
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Fig. 3. SANS analyses of the wormlike mi-
celles. (A) Three percent solutions of unre-
acted and cross-linked wormlike micelles.
The solid curves represent the intraparticle
scattering function for a system of long, stiff
cylinders with core radius R_, smeared for a
radial polydispersity of AR_/R_ = 0.11. Data
for the unreacted solution were shifted up-
ward by a factor of 100 with respect to the
cross-linked one. (B) Dispersibility of the
cross-linked wormlike micelles is verified by a
match between the intensity profiles of two
0.5% solutions of cross-linked wormlike mi-
celles, one cross-linked at 5% and diluted and
the other cross-linked at 0.5%.
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geneous. Figure 3B compares the low-g
scattering patterns obtained from two 0.5%
solutions of cross-linked wormlike mi-
celles. One was chemically fixed at a con-
centration of 0.5% and the other at 5%
followed by dilution. These SANS patterns
are virtually indistinguishable at all acces-
sible g-values, which indicates that both
solutions have the same intra- and intermi-
cellar structure. Thus, our procedure ap-
pears to selectively transform the PB cores

"into cross-linked rubber without side reac-

tions between micelles. By varying the con-
centration of redox initiator, the degree of
core cross-linking can be precisely adjust-
ed, thereby controlling the micelle stiffness
and swelling characteristics.

The most striking effects of cross-linking
are found in the viscoelastic properties of
these giant wormlike micelles. Previous stud-
ies with wormlike micelles, especially those
derived from cationic surfactants (/7), have
resulted in the concept of “living” micelles
(12). When deformed, these threadlike ob-
jects behave like entangled macromolecules,
except that they can pass through each other
by breaking and re-forming, as first described
theoretically by Cates (/2). This mechanism
produces a time-dependent shear modulus
G(t) = G.,e /7, where G is a plateau mod-
ulus and T = (T Top)'?s that s, the
geometric mean between the characteristic
micelle lifetime 7, ., and the overall micelle
reptation time .. Our unreacted wormlike
solutions display some similarity to con-
ventional living micelle solutions (Fig. 4).
However, cross-linking dramatically modi-
fies this behavior. The dynamic elastic
modulus G' increased by more than two
orders of magnitude and became solidlike
(that is, frequency-independent) in the lin-
ear (small strain) regime. In the zero-shear
limit, the 1% cross-linked solution appears to be
a fragile gel (for example, entrained bubbles
remain trapped indefinitely), whereas the living

10
Cross-linked
.
10 ooooooooooo.ooo.
0 ©°°
£ ooooo
E;10\7 ©0% 0000000
= E
El L.
-g L]
o
= Living o .
10'F - ....;3
e ** o ©
o
:g
102 L ) ‘
o 1o 1o’ 10 102

Frequency (rad/s)

Fig. 4. Linear viscoelastic properties of 1%
solutions of living and cross-linked wormlike
micelles obtained by using a Couette geom-
etry at room temperature; G’ and G” repre-
sent the dynamic elastic and loss shear mod-
uli, respectively.

solution is clearly a liquid. A rise in the plateau
level is not anticipated by the dynamic theory of
Cates for flexible wormlike micelles (/2) in the
limit 7, ., — ° (that is, no micelle breakage).
This result suggests that cross-linking is accom-
panied by significant micelle stiffening, consis-
tent with the transition frem liquidlike to rub-
bery cores. These results represent the direct
comparison of “living” versus “permanent”
wormlike micelle properties.

Core cross-linking converts the “soft”
block copolymer micelles, held together sole-
ly by van der Waals forces, into giant co-
valently bonded macromolecules. On the ba-
sis of measured core diameter and a rubber
density of 0.90 g/cm?, we estimate a molar
mass of ~2 X 10® g/mol per micrometer of
micelle length. Tt is difficult to quantify the
average micelle length from the CTEM im-
ages. Nevertheless, they are at least several
micrometers long and possibly much longer.
Thus, we have created wormlike molecules
of molecular weight three or more orders of
magnitude greater than large conventional
synthetic polymers.

Experiments directed at cross-linking
self-assembled systems composed of ‘low
molecular weight amphiphiles (lipids, sur-
factants, and soaps) (/3—15) have met with
limited success, and we are unaware of
previous reports of chemical fixation of
wormlike micelles. Cross-linking induces
local perturbations that can overwhelm the
delicate balance of forces that control par-
ticle size and shape. These effects are evi-
denced by the 13% reduction in core radius
that accompanies cross-linking in OB3.
However, by expanding the size of the
micelle core through the use of polymeric
amphiphiles, we have buffered the mor-
phology against reaction-induced transfor-
mation. We expect this strategy to work
with other morphologies including vesicles
(16) and bicontinuous microemulsions (/7,
18).
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Ordered Mesoporous Polymers
of Tunable Pore Size from
Colloidal Silica Templates

Stacy A. Johnson, Patricia ). Ollivier, Thomas E. Mallouk*

Ordered mesoporous polymers have been prepared by replication of colloidal
crystats made from silica spheres 35 nanometers in diameter. The pores in the
colloidal crystals were filled with divinylbenzene (DVB), ethyleneglycol
dimethacrylate (EDMA), or a mixture of the two. Polymerization and subse-
quent dissolution of the silica template leaves a polycrystalline network of
interconnected pores. When mixtures of DVB and EDMA are used, the pore size
of the polymer replicas can be varied continuously between 35 and 15 nano-
meters because the polymer shrinks when the silica template is removed.

Template synthesis is a commonly used tool
in the preparation of porous materials. Zeo-
lites and related molecular sieves are com-
monly crystallized around small molecule tem-
plates, and mesoporous molecular sieves are
templated by supramolecular aggregates of sur-
factant molecules (/) or by block copolymers
(2, 3). However, the size of the pores is limited
to the dimensions of the organic templates (3 to
100 A) and to materials such as oxides, chal-
cogenides, and phosphates that can be pro-
cessed hydrothermally or solvothermally. Inor-
ganic materials with much larger pores, in the
size range of hundreds of nanometers to mi-
crometers, have been synthesized with the use
of vesicle arrays (4) or polymer spheres (5, 6)
as templates. Recently, colloidal crystals of sil-
ica spheres 150 to 300 nm in diameter have
been used to make three-dimensional (3D) po-
rous replicas composed of graphite, amorphous
carbon, and diamond (7). Replication and em-
bossing have also been used to make a wide
variety of polymer structures with micrometer-
and submicrometer-sized pores, most generally
as thin films and freestanding membranes (8).
In the case of embossed polymer thin films, the
minimum feature size that can be faithfully
replicated appears to be on the order of 10 nm

9).

Department of Chemistry, Pennsytvania State Univer-
sity, University Park, PA 16802, USA.

*To whom correspondence should be addressed. E-
mail: tom@chem.psu.edu

www.sciencemag.org SCIENCE VOL 283

The mesoscopic regime of 10 to 100 nm
represents a largely unfilled gap for three-di-
mensionally ordered porous materials. Block
copolymer templating has been used to access
the lower end of this range with porous sili-
cates. Arrays of hexagonal channels up to 30
nm in diameter and cubic structures with pore
diameters in the 5- to 6-nm range have recently
been prepared (3). Three-dimensional materials
with pores in the 10- to 100-nm size range are
of immediate interest for certain fundamental
problems, such as the study of diffusion
and phase equilibria in restricted geome-
tries (/0). They also have potential appli-
cations in the preparation of mesoscopic
devices, such as ordered arrays of metal or
semiconductor quantum particles (//) and
in various sorption and separation process-
es involving polymers and biological mac-
romolecules. Replica polymers, metals, and
semiconductors have been prepared from
one- and two-dimensionally porous tem-
plate materials, including zeolites, meso-
porous silicates, porous polymer mem-
branes, anodic alumina, and clays (/2-20).
Imprint polymers that retain the shape and
size of macromolecular templates have also
been reported (27). These techniques usu-
ally produce individual particles of control-
lable shape and size, rather than 3D poly-
mer networks with characteristic pore sizes
and repeat distances between 10 and 50 nm.

To create the inorganic template, monodis-
perse silica particles 35 nm in diameter were

1x 10* kPa Sénter at

0°C
L_ou

s 100 nm
Add monomers and AIBN
Polymerize | Dissolve
at silica

in HF

Fig. 1. TEM images of porous polymer prepa-
ration by replication. (A) Spherical silica parti-
cles as prepared. (B) Colloidal crystal of silica
particles after pressing and heating. (C) DVB
polymer replica. (D) EDMA polymer replica. The
pore size in the flexible polymer is much small-
er than the template diameter.

pressed into pellets at a pressure of 1 X 10* kPa
(22). The particles were sintered slightly at their
points of contact by heating the pellets to
800°C, in order to provide pore connectivity in
the polymer replica. Transmission electron mi-
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