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nanotechnology
8 Self Assembly

TABLE 1.1: Landmarks in the History of Nanotechnology Reproduced

with permission from Modeling MEMS and NEMS, Pelesko and Bernstein [99].

1940s Radar drives the development of pure semiconductors.

1959 Richard P. Feynman’s famous “There’s plenty of room at the bottom” lecture.

1960 Planar batch-fabrication process invented.

1964 H.C. Nathanson and team at Westinghouse produce the resonant gate transis-
tor, the first batch-fabricated MEMS device.

1970 The microprocessor is invented, driving the demand for integrated circuits ever
higher.

1979 The first micromachined accelerometer is developed at Stanford University.

1981 K. Eric Drexler’s article, Molecular Engineering: An Approach to the Develop-
ment of General Capabilities for Molecular Manipulation, is published in the
Proceedings of the National Academy of Sciences. This is arguably the first
journal article on molecular nanotechnology to appear.

1982 The scanning tunneling microscope is invented.

1984 The polysilicon surface micromachining process is developed at the Univer-
sity of California, Berkeley. MEMS and integrated circuits can be fabricated
together for the first time.

1985 The “Buckyball” is discovered.

1986 The atomic force microscope is invented.

1991 The carbon nanotube is discovered.

1996 Richard Smalley develops a technique for producing carbon nanotubes of uni-
form diameter.

2000s The number of MEMS devices and applications continually increases. National
attention is focused on funding nanotechnology research and education.

difficult one. In some sense, in the fifty years since Feynman’s lecture, we’ve
made rapid progress in tackling this problem. Today, we have batch-fabricated
microprocessors containing nanoscale transistors in our cell phones. We have
new tools such as the scanning tunnelling microscope (STM) and the atomic
force microscope (AFM) that allow us to examine and manipulate matter on
the nanoscale. And, we have new nanostructured materials such as the carbon
nanotube that promise to revolutionize materials science. But, researchers in
nanotechnology have come to realize that for all of the progress we’ve made, we
still rely on “top-down” construction methods. When Eigler and Schweizer
[37] famously wrote the letters “IBM” on a layer of nickel using individual
xenon atoms, a true tour-de-force in nanoscale engineering, they still used a
fundamentally primitive and decidedly unbiological technology. In essence,
Eigler and Schweizer used their STM as a pair of very small tweezers and
wrote “IBM” much as I might spell out my name on my desk with grains of
salt. Researchers in nanotechnology have come to realize that if we are to
truly realize Feynman’s vision, we not only have to learn to build small, we
have to learn to build small in the way that nature builds small. We need to
coax our systems to self-assemble.

In parallel with progress in nanotechnology fuelling the need for under-
standing self-assembly, key developments in mathematics, computer science,
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self-assembly
Introduction 9

TABLE 1.2: Landmarks in Self-Assembly
1930s Alan Turing develops the theory of universal computation.

1950s John von Neumann develops theory of automata replication.

1953 James D. Watson and Francis Crick discover the structure of DNA.

1955 H. Fraenkel-Conrat and R.C. Williams self-assemble the tobacco mosaic virus
in a test tube.

1957 Penrose and Penrose construct a simple self-replicating system.

1961 Hao Wang develops “Wang Tiles” demonstrating the equivalence of tiling prob-
lems and computation.

1991 Nadrian C. Seeman and Junghuei Chen self-assemble a cube from DNA.

1994 Leonard Adleman launches the field of DNA computation by using DNA to
solve a Hamiltonian path problem.

1996 Kazuo Hosokawa’s group demonstrates microscale self-assembly using surface
tension.

2000 George M. Whitesides’s group self-assembles electrical networks from millime-
ter scale polyhedra.

2004 William Shih adapts the methods of Seeman to self-assemble a DNA octahe-
dron.

2004 Eric Winfree and Paul Rothemund self-assemble a Sierpinski triangle from
DNA demonstrating that self-assembly may be used for computation.

2000s Self-assembly research explodes drawing the interest of researchers from every
imaginable field.

biology, and chemistry have brought us to the point where it is becoming
possible to begin to understand and utilize self-assembly. Curiously, some of
the key developments took place almost contemporaneously with Feynman’s
lecture. In the 1930’s, the British mathematician Alan Turing, developed the
theory of universal computation. Long before the arrival of the personal com-
puter, Turing had already liberated computation from the silicon chips with
which we so closely associate computation today. With his “Universal Turing
Machine,” Turing taught us that computation could be thought of abstractly
and that all sufficiently complex computers are essentially equivalent. His
insight paved the way for Adleman’s invention of DNA computing in 1994
and Winfree’s 2004 demonstration of computing via self-assembly. In the
1950’s the mathematician John von Neumann extended Turing’s efforts and
developed the theory of automata replication. Von Neumann’s work created a
framework for future efforts in the development of self-replication, artifical life,
and self-assembly. Another key landmark in the history of self-assembly was
the discovery of the structure of DNA by Watson and Crick in 1953. DNA,
the central molecule of biology, is also of central importance in the study of
self-assembly. In addition to being used for computation, it was shown by
Nadrian C. Seeman in 1991 that DNA could be induced to self-assemble into
mechanical structures. The self-assembled DNA cube of Seeman and Chen
has already been improved upon by researchers such as William Shih who has
coaxed DNA into self-assembling into octahedra and other complex shapes.
Shortly after the discovery of the structure of DNA, Fraenkel-Conrat and
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definitions of self-assembly
Viruses and bacterial flagella are constructed automatically out of protein 
subunits. This phenomenon is called self-assembly, which is a powerful 
technique applicable to microfabrication
To achieve self-assembly, the following conditions must be met: 
generating bonding forces, bonding selectively, and moving the parts 
randomly so that they come together by chance.

Spontaneous assembly, often called “self-assembly,” refers to aggregation of 
particles into an organized structure without external assistance.

Self-assembly is the ubiquitous process by which objects autonomously 
assemble into complexes.

Self-assembly is a process in which small objects autonomously 
associate with each other to form larger complexes.

What is NOT self-assembly ?



self-assembly

10 Self Assembly

Williams showed that biological systems could be induced to self-assemble
in a test tube. There work with the tobacco mosaic virus allowed us to be-
gin to understand how nature uses self-assembly in biology. Another early
key development in self-assembly, that occurred shortly after Feynman’s lec-
ture, was the invention of “Wang Tiles” by Hao Wang. Wang showed the
equivalence of tiling problems and computation, thereby extending Turing’s
work and providing the second key ingredient for Winfree’s demonstration
of computation by self-assembly. On the macroscale, other researchers have
made fundamental contributions to our understanding and practical imple-
mentation of self-assembly. Notable among these is the invention of a simple
self-replicating machine by Penrose and Penrose in 1957, the use of surface
tension to self-assemble 2-d structures by Hosokawa in 1996, and the practical
implementation of surface tension driven self-assembly by Whitesides in 2000.
Today, self-assembly is drawing the interest and efforts of researchers from
every imaginable discipline. While we are still a long way from duplicating
the elegance of nature, we’re closer than ever, and getting closer every day.

1.3 Chapter Highlights

• Self-assembly is a multi-disciplinary endeavor. If you want to under-
stand this field and examine self-assembly from a wide variety of per-
spectives, this book is for you.

• Self-assembly refers to the spontaneous formation of organized struc-
tures through a stochastic process that involves pre-existing compo-
nents, is reversible, and can be controlled by proper design of the com-
ponents, the environment, and the driving force.

• Static self-assembly refers to that subclass of self-assembly processes
that leads to structures in local or global equilibrium.

• Dynamic self-assembly refers to that subclass of self-assembly pro-
cesses that leads to stable non-equilibrium structures. These structures
persist only so long as the system is dissipating energy.

• Programmed or programmable self-assembly refers to that sub-
class of self-assembly processes where the particles of the system carry
information about the final desired structure or its function.

• Numerous examples of self-assembling systems may be found in the
natural world. These include both organic and inorganic systems. Part
I of this text deals with natural self-assembling systems.
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(A) Aggregation occurs when there is a net attraction and an 
equilibrium separation between the components

Whitesides G M, Boncheva M PNAS 2002;99:4769-4774



THE nanomaterial

size: 7 Å = 7 • 10-10 m = 0.7 nm



cell membrane structure:
 The Fluid Mosaic Model



cell membrane
The cell membrane’s function is to form a barrier between the cell’s inner and outer 

environment.  It is selectively permeable meaning that it allows certain materials 

to pass through and prevents the movement of other through it.

It is composed of a phospholipid bilayer with protein molecules (intergral proteins) 

embedded within in the bilayer.  Some of these proteins pass completely through 

both layers of phospholipids.  There are also other types of molecules such as 

cholesterol and carbohydrates that are associated with the cell membrane’s outer 

surface.

The phospholipids and proteins are not in a static state, but have the ability to 

move from one location to another or change positions within the bilayer.  Therefore 

the molecules which make up the membrane are described as being in a fluid state. 

The structure of the membrane as described by cytologist today is called the 

”fluid-mosaic model.”  The membrane is literally a mosaic of molecules that have 

the ability to move from area to area on the surface of the membrane.



cell membrane models
original observation (Charles Overton)- lipid soluble molecules could freely enter 

and exit cells of plant roots (1890’s)

➔ defined lipophilic: lipid loving, able to easily pass cell membranes



cell membrane models
decade later, Irving Langmuir dissolved phospholipids in benzene and

layered the solution on water and waited for benzene to dissolve phospholipids 

formed a monolayer over the water, 

➔ reasoned the polar head faced the water, hydrophobic end pointed away



LB trough

Subphase

Insoluble (phospholipid     ) monolayer is characterized by surface pressure, π

π = γο − γ γο: clean surface tension

γ :  surface tension of surface with 
adsorbed amphiphiles

Teflon Langmuir 
trough

Computer interfaced 
barrier for compressing

Wilhelmy 
Plate

Insoluble monolayers may be compressed by barriers sweeping the interface, 
allowing p to be easily manipulated

Air



phase transition isotherms
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cell membrane models
1925- Gorter and Grendel  lipid bilayer model

interested in red blood cells and figuring out how many lipids are there

took red blood cells and extracted the lipids, then spread them on water

based on size of cells and area of lipid coverage, developed 2 layer idea

(estimated size of lipid layer and cells wrong, errors cancelled out)

➔ they suggested the polar headgroups are on both sides, hydrophobic in

     between to avoid water



cell membrane models
Lipid bilayer model couldn’t explain solute permeability of some molecules, nor 

higher surface tension of purified lipids. K+ ions pass cell membranes in seconds, 

artificial membranes in days.

Davson-Danelli Model (1935)- core bilayered lipid membrane with proteins 

coating both sides-- explained surface tension results

modified in 1950’s to suggest some proteins could pass through the    membrane 

and allow ions to pass through to deal with permeability

Robertson-- electron microscopy in 1950’s all cell membranes are alike

strong support for the Davson-Danelli model of lipid bilayers

TEM



cell membrane models
1972-- Singer and Nicolson-- mosaic of proteins in a fluid lipid bilayer

2 key features of the fluid mosaic model:

1) lipids are fluid -- individual lipids can move around in the plane of the 

membrane unless they are linked to something (like the cytoskeleton)

2) proteins are embedded individually or as complexes into the membrane itself 

and are not necessarily evenly distributed, ie. think of buoys in a lake-- floating 

independent entities unevenly distributed (and having particular functions)



natural membrane lipids
several major classes of lipids in membranes exist:

1) phospholipids

2) glycolipids

3) steroids

4) “strange” lipids

all lipids are based 

on various fatty acids:



phospholipids
Four major phospholipids are found in mammalian plasma membranes.



glycolipids

Animal membranes contain glycolipids. 

Sugars constitute the polar head group.  

Gangliosides are common in nerve cells 

where they influence the electrical 

properties of cell membranes.  



steroids
Cholesterol and derivatives provide stiffness to membrane, mediate fluidity

cholesterol ergosterol

sitosterol
testosterone

vitamin D



“strange” lipids
Cholesterol and derivatives provide stiffness to membrane, mediate fluidity

cardiolipin (gemini-lipid)

di-ether lipid

tetra-ether lipid (bola-lipid)

polyisoprenoid lipid



lipid dimensions

Schematic illustrations of the dimensions of lipid molecules: 

a) DSPE

b) DSPC

c) SOPC



lipid dimensions

The homologous family of di-acyl PC lipids with two identical saturated 

chains



lipids = a class of amphiphilic 
molecules

the hydrophobic effect determines the structure of amphiphilic molecules in 

water. Above a critical concentration (crtical micelle concentration, CMC)

amphiphilic molecules form aggregates, e.g.

 SDS ➔ micelles 

 DPPC ➔ lipid bilayers

4 nm



low molecular weight amphiphiles!                                   polymeric amphiphiles

amphiphilic structures

bola-Amphiphile

lipids

surfactant
polymer-surfactant

lipo-polymer

- structural diversity
- HLB (hydrophilic-lipophilic
  balance



type of amphiphiles



type of amphiphiles
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lipids

Amphipilic molecules pack so as to 
minimize the interaction between water 
and the nonpolar part of the molecule.  
The two hydrocarbon tails give 
phospholipids a cylindrical shape that 
causes the molecules to pack as a 
bilayer in water.

Minimum contact between water and 
the hydrocarbon chains is achieved by 
forming the bilayer into a closed 
compartment.



surfactant packing parameter

association number: ratio of micelle volume to volume per molecule V

Rmic: micelle radius

association number: ratio of micellar area to cross-sectional area per molecule a

⇒

Rmic cannot exceed length of fully extended chain l

⇒ Ns: surfactant (critical) packing parameter



prediction of assembly

“critical packing parameter”

V / aolc

V = volume of amphiphile
ao = area of head group

lc = length of head group

can be approximated as the 
angle of the amphiphile cone 
or inverse cone



vesicle vs. soap bubble



“lipids on the move”

a) conformational change: 10-12 sec

b) rotation: 10-9 sec

c) lateral diffusion: 10-6 sec

d) protrusion: 10-12 sec

e) flip-flop: 105 sec



models of biomembranes

lerns related to  biological transport, energy metabolism, 

cell division, and macromolecular synthesis. The cell sur- 

face, in particular, is of significant importance as regards 

many aspects of cell biology, immunology, and cell-cell in- 

teraction as well as cell differentiation and the transforma- 

tion of normal cells into malignant ones. 

The biomembrane can be divided into three layers that 

are connected with one another: glycocalix, protein-lipid 

bilayer, and cytoskeleton (Fig. 18). The middle, protein- 

containing lipid bilayer is the component which indeed 

separates the cell into compartments.[761 Furthermore, it 

functions as an active filter and participates in motion and 

transport processes. 

in tegra l  glycoproteins i o n  c h a n n e l  

glyco- 

c a l i x  

protein 

lipid 

er, natural membranes show a high complexity. Thus, in 

order to study the properties of individual membrane com- 

ponents, it is necessary to concentrate, at first, on simple 

model membranes having a defined chemical cornposi- 

tion. 

4.2. Model Membranes as Supramolecular Systems 

In order to study the structure-property relationships of 

individual membrane components (lipids or proteins) at a 

supramolecular level, one has to rely on model mem- 

branes. On the one hand, they can provide information 

about the physical properties of membranes that only con- 

sist of lipids (pure or in mixture). On the other hand, in 

reconstitution experiments, membrane proteins can be in- 

corporated into a physically and chemically defined sur- 

rounding. Then, the activity of the individual membrane 

proteins can be studied. Figure 19 gives a survey of the 

commonly used model membrane systems. 

I models o f  btornernbranes 1 

Langmuir f i lms  planar lipid m e m b r a n e s  liposomes 

Icytoskeletonl 

monolayer f r e e -  s tan d #  ng bt layer ( BLM ) unilamellar 

polyrner~c skeleton 

Fig. IS. Schematic representation of a biomembrane. The three layers are  the 

glycocalix, the protein-lipid bilayer, and the cytoskeleton. 

Outside, the phospholipid membrane is coated by a car- 

bohydrate-rich layer, the glycocalix. It mainly consists of 

the oligosaccharide head groups of the glycoproteins and 

glycolipids, which are usually incorporated into the mem- 

brane. The glycocalix determines the surface recognition 

of cells: the oligosaccharide side chains, for example, are 

antigenic determinants in reactions of the immune system 

(see Section 5). In the case of plant cells, the glycocalix 

usually occurs as a solid, closed cell wall, in which the sug- 

ar groups (polysaccharides) additionally act as a skeleton 

(see Section 4.8.1). In the case of bacteria, the polysacchar- 

ide chains are cross-linked by oligopeptide chains. Thus, 

they form an extremely stable murein coat which repre- 

sents one single macromolecule. 

In animal cells, the stabilization of the cell membrane is 

mainly achieved by the cyto.skeleton, which is linked to the 

inner side of the central lipid bilayer (see Section 4.8.2). 

From the point of view of polymer science, the cytoskele- 

ton, in particular, as a polymeric network, represents an 

ideal basis for simulation experiments: reversible cross- 

linking, fixing of networks to membranes, dynamical pro- 

cesses in gels-these are all processes the cell constantly 

carries out in manifold ways. 

To get a deeper insight into the structure-function rela- 

tionships of biomembranes, a large number of bioorganic 

investigations are necessary. This is therefore an attractive 

and broad field of activity for synthetic chemists. Howev- 

LB rnulttlayer supported bilayer rnultllarnellar 

t i p  I Y  i onimunlq used model membranes. 

The spreading of a lipid at a gadwater  interface leads to 

the formation of m o n 0 1 a y e r s . [ ~ ’ ~ ~ ~ ~ ~  Formally, they repre- 

sent only one-half of the lipid bilayer of a cell membrane. 

Thus, the monomolecular films-compared with other 

model membranes-seem to be the least similar to bio- 

membranes. Nevertheless, investigations of monolayers 

supply precise information about the molecular packing 

and orientation of amphiphiles which cannot be gained 

from other model membranes. With the help of a film bal- 

ance, monomolecular films can be characterized in the 

form of surface pressure-area diagrams (isotherms). This is 

a very sensitive method which responds to the slightest 

change in the structure of lipids. By means of isotherms, it 

is possible to gain information not only as to the orienta- 

tion behavior of amphiphiles, their mobility in membranes, 

but also as regards the interactions with substances dis- 

solved in the subphase (e.g., proteins; see Sections 5.2 and 

5.3). Furthermore, by using a fluorescence microscope, 

phase-separation processes within the monolayer can be 

v i s ~ a l i z e d . ~ ~ ~ I  

Highly ordered, ultrathin Langmuir-Blodgett (LB) films 

are obtained by transferring monolayers onto solid sub- 

s t r a t e ~ . ’ ~ ’ . ~ ~ . ~ ~ ~  As model membranes, multilayers are less 

I24 Angew. Chem. Int.  Ed. Engl  27 (1988) 113-158 



membrane stabilization

4.4. Strategies for the Stabilization of Model Membranes 

In the last few years, numerous methods to stabilize 

model membranes have been developed, mainly by using 

polymeric systems. A survey of the possible molecular ar- 

chitectures of stabilized liposomes is given in Figure 24. 

The polymerization of lipids before or after their orien- 

tation in model membranes has been studied most inten- 

sively (see Section 4.5). As an alternative, the polyconden- 

sation of lipid molecules has also been described (see Sec- 

tion 4.6). Apart from such covalent binding reactions of 

lipid molecules, other possibilities to stabilize lipid bi- 

layers are based on the noncovalent binding of polymers to 

the membrane surface (see Section 4.8). One method to 

achieve stabilization without using polymers involves the 

incorporation of membrane-spanning lipids into the bi- 

layer (see Section 4.7). 

4.5. Ordered Membranes from Monomeric and 

Prepolymerized Amphiphiles 

Two approaches, schematically shown in Figure 25, 

have been used to prepare ordered polymeric model mem- 

branes. On the one hand, polymerizable amphiphiles can 

be used to build up  monomeric model membranes, which 

can then be converted into polymeric ones (approach A). 

On the other hand, the use of oligomeric amphiphiles or  

the incorporation of spacer groups into the polymeric am- 

phiphile to decouple the disordered polymer chain from 

the ordered membrane allows the formation of membranes 

from prepolymerized amphiphiles (approach B).[981 

polyeondensation 

orientation polymerization 

I I 
orlentatton polymerization 

monomeric 

membrane 

polymeric 

amphiphile 
/- 

polymeric membrane 

Fig. 25. Strategies for the preparation of polymeric model membranes. A) 

Orientation of the monomers in model membranes with subsequent polymer- 

ization. B) Polymerization of the monomers in isotropic solution and subse- 

quent orientation of the polymeric amphiphiles. 

4.5. I .  Polymerizable Lipids 

The polymerization behavior of amphiphiles with poly- 

merizable units was first studied in monomolecular 

films.'991 In 1979, the formation of polymerized vesicles by 

using a lipid containing butadiyne units was mentioned for 

the first time.['001 In the meantime, many polymerizable 

groups have been incorporated into various lipid struc- 

tures (see Scheme 2) to  prepare polymerized liposomes. 

_-I 

7y 

- 

hydrophobic 

membrane-spanning 

l ipids 

Fig. 24. Strategies for the stabilization of ltpid bilayer membranes 

Angew C'hem. Int .  Ed. Engl.  27 11988) 113-158 127 



membrane stabilization
4 Fendler and Tundo Accounts of Chemical Research 

monolayer spherical rod-like 

micelle m i c e I I e 

reversed 

micelle w/o microemulsion o/w microemulsion 

sonicolion 

multicompartment vesicle 

Figure 1. An oversimplified representation of organized struc- 

tures formed from surfactants. 

seen to contain two long alkyl chains (CI3-C18), attached 
typically to a quarternary nitrogen, and a polar head- 
group. These structural features are recognized to be 
favorable for forming stable bilayer vesicles.44 The 
surfactants are seen to contain alkyl, alkene, hydroxy, 
phosphate, sulfate, carboxylate, and viologen moieties. 
Viologen-containing surfactants allow the investigation 
of redox active aggregates.4l The types of polymerizable 
groups on the surfactants vary from alkenes to styrene. 
Styrene, of course, readily polymerizes, and its polym- 
erization can very conveniently be followed by absorp- 
tion spectroscopy. Polymerizable groups are located 
either at the end of the hydrocarbon tail of the sur- 
factants (1-5) or at (7,9, 10, 12, 14, 15, and 16) or near 
to (13 and 17) their headgroups. In surfacant 6 there 
are double bonds both at  the end of alkyl chains and 
at the headgroup. Consideration has been given to 
introducing labile ester linkages in 13 and 17. Taking 
advantage of the general methodologies developed41A3 
many additional functionalized vesicle-forming surfac- 

(32) Hub, H.; Hupfer, B.; Koch, H.; Ringsdorf, H. Angew. Chem., Int. 

Ed. Engl. 1980,19,93&940. 
(33) Johnson, D. S.; Sanghera, J.; Pons, M.; Chapman, D. Biochim. 

Biophys. Acta 1980,602,5749. Pons, M.; Johnson, D. S.; Chapman, D. 
Ibid. 1982, 461-465. 

(34) Regen, S. L.; Singh, A.; Oehme, G.; Singh, M. Biochem. Biophys. 
Res. Commun. 1981,101,131-136; J. Am. Chem. SOC. 1982,104,791-795. 

(35) Akimoto, A.; Dom, K.; Gros, L.; Ringsdorf, H.; Schupp, H. Angew. 
Chem., Int. Ed. Engl. 1981, 20, 90-91. 

(36) OBrien, D. F.; Whitesides, T. H.; Klingbiel, R. T. J.  Polym. Sci., 
Polym. Lett. Ed. 1981, 19, 95-101. 

(37) Lopez, E.; OBrien, D. F.; Whitesides, T. H. J. Am. Chem. SOC. 

1982,104,305-307; Biochem. Biophys. Acta 1982,693,437-443. 
(38) Paleos, C. M.; Christiae, C.; Evangelatos, G. P.; Dab, P. J.  Polym. 

Sci., Polym. Chem. Ed. 1982,20, 2565-2573. 
(39) Experimental details have been provided in primary publications 

(ref 40-43). 
(40) Tundo, P.; Kippenberger, D. J.; Klahn, P. L.; Prieto, N. E.; Jao, 

T. C.; Fendler, J. H. J.  Am. Chem. SOC. 1982,104,456-461. 
(41) Tundo, P.; Kippenberger, D. J.; Politi, M. J.; Klahn, P.; Fendler, 

J. H. J. Am. Chem. Soe. 1982,104, 5352-5358. 
(42) Tundo, P.; Kurihara, K.; Kippenberger, D. J.; Politi, M.; Fendler, 

J. H. Angew. Chem., Znt. Ed. Engl. 1982,21, 81-82. 
(43) Kippenberger, D.; Roeenquist, K.; Odberg, L.; Tundo, P.; Fendler, 

J. H. J.  Am. Chem. SOC. 1983,105, 1129-1135. 
(44) Kunitake, T.; Okahata, Y.; Shimomura, M.; Yasunami, S.; Ta- 

karabe, K. J. Am. Chem. Soc. 1981,103, 5401-5413. 
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Figure 2. Schematics of polymerization of surfactant vesicles. 

.’ ‘ )  , 
t X P O L Y M E R I Z A T I O ~  / 

Figure 3. Schematics of dissymmetrical polymerized vesicle 

formation. 

tants can be readily synthesized. 

Vesicle Formation and Polymerization 

Stable vesicles have been formed either by slow in- 
jection of a surfactant solution in alcohol or ether into 
thermostated water or by the ultrasonic dispersal of the 
surfactant in water, kept above the gel to liquid tran- 
sition (the phase transition) temperature of the vesic1e.l 
This latter method has been routinely used in our lab- 
oratories since it reproducibly leads to vesicles in the 
desired concentration range ((1-5) X M stoichio- 
metric surfactant). Increasing the sonication time re- 
sults in an exponential decrease of the turbidity of the 
solution and of the radius and polydispersity of the 
vesicles. Hydrodynamic radii of well-sonicated charged 
surfactant vesicles are in the 200-800-A range.43 Typ- 
ically, size distribution of a given surfactant vesicle 
deviates &lo% from the mean. Smaller and more 
monodispersed surfactant vesicles can be obtained by 
gel filtration and/or ultracentrifugation. 

Irradiation by ultraviolet light or exposure to an in- 
itiator (azoisobutyronitrile, AIBN, or potassium per- 
sulfate) of surfactant vesicles results in the loss of the 
polymerizable double bonds. This can be monitored by 
magnetic resonance or absorption spectroscopy. De- 
pending on the position of the double bonds, vesicles 
can be linked either across their bilayers or across their 
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