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• The “ultimate” functioning materials are 

based on biomatter

– Exact synthesis

– Forms molecular level self-organized structures 

and hierarchies

– Finds its assembly code to form nanostructures

– Finds its way to the “right” places

• Signaling

– Adapts to conditions

• Responsive, “learns”

• Selectivity

– Functions

• Problem

– Still “too complex” for an engineer to design 

from the first principles

• Find the essential factors and make the same 

but in simpler terms

– Complex nanomaterials

– “Polymer complexity”

Why a materials scientist is interested in biomatter
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Typical features for biomaterials  (simplified)

Recognition

New molecularly matching entities:

so-called supramolecules

Nanostructures due to self-assembly or sometimes called 

self-organization

Evolution

not discussed here

Replication

not discussed here
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Nature uses “motifs” to achieve specificity and functions

Random (disordered) coils Helices Crystallinity

Try to use these or related motifs in another context:

for functional materials
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Self-assembly is the autonomous organization of 

components into patterns or structures without human 

intervention. 

Self-assembly

Static self-assembly 
(global or local equilibrium)

• Atomic and molecular 

crystals

• Folding of proteins

• Lipid bilayers (soap 

bubbles)

Whitesides and Grzybowski, Science (2002), 2418

Nano-1

Self-assembly is the autonomous organization of 

components into patterns or structures without human 

intervention. 

Self-assembly

Whitesides and Grzybowski, Science (2002), 2418

Dynamic self-assembly
(far from equilibrium; dissipation of 

energy)

• Biological cells

• Oscillating reactions

• Schools of fish

• Galaxies

Not further discussed;

Study of dynamic self-assembly in its infancy
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Self-assembly

Common features of molecular self-assembly to 

form nanoscale structures

Muthukumar, Ober, Thomas, Science 277, 1225, 1997

• Components must be mobile

• Balance between attractions and repulsions

• Reversible interactions

• Spontaneously formed

• Structures are formed in the equilibrium 

– of course, can also be out of equilibrium

• The structural information is “coded” with the molecular structures

• Periodic structures, the periodicity depends on the size of the molecules, see 

later.
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• Assume two polymers A (red) and B (blue)

• Mixing leads to macroscopic phase separation in general, i.e. they are repulsive

• Connect them covalently which prevents macroscopic phase separation.

– The phase separation takes place in the length scale of polymer chains

– Denoted sometimes microphase separation

– Self-assembly forms due to competition of attractive and repulsive interactions

• Example:

– Polystyrene (A) and polyisoprene (B)

– Polystyrene-block-polyisoprene, both chains have the same length

Transmission electron 

microscopy (TEM)

A B

Nanoscale structures

, N and f

Phase behavior depends on: 

10 - 100 nm

Poly(A-block-B)

Volume fraction of the A-block
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Cylindrical self-assembled nanoscale 

structures of the block copolymers

• If one block is made longer than the other, the 

volume fraction of one block being 0.16 … 0.32, 

one obtains cylindrical phase.

• Just due to space filling

• Interface between A and B curved

• This example is for triblock copolymer Polystyrene-block-

polybutadiene-block-polystyrene

• Essentially similar than diblock copolymer

Hexagonal packing
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Spherical self-assembled nanoscale structures

of diblock copolymers

• If one block is made 

longer than the other, the 

volume fraction of one 

block being less than ca. 

0.16, one obtains spherical 

phase.

• Short polybutadiene 

chains

• Long polystyrene chains

• Micellar cores of 

polybutadiene

n
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H H

H
n

C C C C

H

H

H H

H H

Body center cubic packing
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Self-assembled nanoscale structures

of diblock copolymers: phase behaviour

Temperature

Volume fraction of one block
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KRATON: 

polystyrene-b-polybutadiene-b-polystyrene

A-B-A triblock copolymer 

•Flexible

•Good impact strength

•Durable

•Stable in broad temperature range
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Diblock copolymers as templates

• Polystyrene-block-

polymethylmethacrylate

• PMMA cylinders

• Turn the cylinders “up” by electric 

field

• Ultraviolet exposure to achieve 

scission of PMMA

• Empty cylinders

• Fill them with other materials

– e.g. magnetic metal

Nano-1

• Self-organized 

polymer/ceramic 

composites

• Controlled 

nanostructures

• Nano-objects

Nano-1

Towards more complexity

Structural 

hierarchies 

observed

Add one block more to allow ABC-triblock copolymer

Bates and Fredrickson 1999

A B C Motifs: random coils & 

attraction & repulsion
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Examples: A-B-C Triblock copolymer

• Polystyrene-block-Poly(ethylene/butylene)-block-polymethylmethacrylate

PEB

Stadler et al
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Examples: A-B-C Triblock copolymer

Janus micelles: northern hemisphere and southern 

hemisphere consist of different materials

Müller et al., 

Macromolecules (2001) 1069

Macromolecules (2003) 7894

JACS (2007) 6187
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Towards more complexity

Motifs: random coils & attraction & repulsion

• Block copolymers

– 2 blocks

– 3 blocks

– 5 blocks

– .

– Structures in bulk or in solvent

• .

• Proteins:

– 20 aminoacids can be “combined” to blocks

– Aqueous

– Many other motifs

– Unresolvable number of structures

Complexity Structures can be 

designed and 

engineered

Structures cannot yet 

be designed and 

engineered from the 

first principles

Nano-1
Proteins very complicated

PEB

Stadler et al
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ATP synthase:

complex machinery

made by nature

Nobel Prize Chemistry 1997, Boyer and Walker
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Self-assembled proteins: 2D 

structures
S-layer proteins

Monomolecular crystalline protein arrys on 

bacterial surfaces

Porous

Specific binding for macromolecules
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Dendrimers (I)

• Highly branched polymers with radial 

symmetry

• Usually synthetic polymers have size 

distribution, by contrast dendrimers can be 

highly monodisperse

• Generations, i.e. consecutive layers

– From the 1st to eg. 5th generation

• Density increases towards the outer 

generations

• Large number of surface groups

– Allows functionalization

• Inside less dense “dendritic box” allows 

host-guest chemistry

Nano-1

Dendrimers (II)

• Surface modification of dendrimers

– Tuning polarity vs nonpolarity

– Hydrophobicity vs hydrophilicity

• Also biologically active groups can be 

connected to the periphery:

– Receptors

– Antibodies

Aminic outer layers

(can eg be used

to complex with DNA)
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Motifs: dendrons

Percec, V., C.-H. Ahn, G. Ungar, D.J.P. 

Yeardley, M. Möller, and S.S. Sheiko, 

Controlling polymer shape through the self-

assembly of dendritic side-groups. Nature, 

1998. 391: p. 161
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Self-assembled protein tubules

Tobacco mosaic virus

Bio-inspired materials science

Tubules from dendrons 

as building blocks

Nano-1

Photolabile dendritic systems, which release DNA by 

degrading and charge-switching multivalency
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Polyamine surface binds DNA

Photolabile linkers between dendron framework 

and surface groups can be cleaved by UV-light 

G2 frame provides an array of DNA binding units 

Dendron binds DNA with high-affinity but when surface

groups are cleaved with UV-light the DNA is released!
Kostiainen et al. Angewandte Chemie (2007) 7600
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Motifs: helices & coils

Klok et al, Macromolecules 2000, 33, 7819

N C

H CH2

CH2

C O

O

CH2

C

O

Note: much work in polypeptide block copolymers

•Biocompatible

•Biodegradable
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Motifs: Rods and coils

Jenekhe, S. and X.L. Chen, Self-Assembly of Ordered 

Microporous Materials from Rod-Coil Block 

Copolymers. Science, 1999. 283: p. 372
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Numerous architectures for block copolymer-

like self-assembly

• Leads to enhanced 

processibility in

– rigid polymers

– high MW polymers

A B

Linear Comb-shaped

AB

Liquid crystalline-coil

Rod-coil

Dendron-modified

etc.

Ober, Thomas, ... Percec, Möller,Ungar,...

A

B

Requires:

Competition 

between 

attraction 

and 

repulsion

Plate, Shibaev, Schmidt, Möller, Wegner, Yoshino,.. Stupp. Jenekhe, Lee, Gronski, Fisher, Klok, Deming 

Hadjichritides, Matsuhista

Archimedean Tilings!!
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Hydrophobic “interaction” (in water medium)

• s

Nano-1
Surfactants in water

as classical examples of self-assembling systems

Polar group

hydrophilic

Contain two mutually repulsive groups

Nonpolar group

hydrophobic

These groups are interconnected = mutual attraction
-> Cannot escape

->Form self-assembled nanostuctures

->Different solubilities in water

->Would tend to escape from each others

But

*

Competition between attraction and repulsion*
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Various different surfactant phases

• A

Israelachvili, J.N., Intermolecular and 

surface forces. 1985, London: Academic 

Press. 

Nano-1
Surfactant micelles as templates for 

mesoporous inorganic materials

This class of materials nowadays find 

applications as adsorbent, catalyst, ...

Kresge et al.  Nature (1992) 710
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Supramolecules

Concept to form nanoscale complex 

structures:
• Based on molecularly matching 

interactions:

• ”Lock-and-key” interactions

• Recognition

• Molecular LEGO

• Chemistry beyond individual 

molecules

• J-M Lehn: Supramolecular 

Chemistry, 1995

• Nobel prize Chemistry 1987 Inspiration from DNA

Molecules: assembly of atoms held together by covalent bonds

Supramolecules: assembly of molecules held together by 

intermolecular interactions

Nano-1

Supramolecules I: Binding metal cations

• Molecular entities formed by 

(matching) physical interactions

• Recognition

• Positively charged metal 

cations can be bonded 

within circular molecules 

(eg. so-called crown 

ethers)

• There has to be exact 

match of the size of the 

pore and the size of the 

metal cation

• Lock-and-key! 
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Molecularly matching systems of hydrogen bond donors 

and acceptors in DNA

Nano-1
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Supramolecules II: DNA mimicking 

bonds

New liquid crystals where two

short molecules are combined

to form liquid crystalline rods

Liquid crystals:

Take sufficiently long rods in a solvent 

medium

Too dilute: no 

orientation

Nematic

Orientation

Smectic

Layers

All solvent 

medium 

evaporated: 

crystalline
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Homopolymer-like supramolecules

Meijer et al Science 1997, 278, 1601
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Supramolecules III: Use DNA-like interactions to make 

polymers

Flow as polymers
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Supramolecular polymers

Nature 453, 171-173 (8 May 2008)

Conventional polymers: covalent bonding between polymer units

Supramolecular polymers: 

• non-covalent bonding (e.g. Hydrogen bonding, complexation, ...) 

• reversibility

• self-healing
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Self-healing and thermoreversible rubber from

supramolecular assembly

4 stages of self-healing of rubber: 

• damage to the structure

• contact between severed bits

• repair

• stretching test.

Nature (2008) 451, 977-980 
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Supramolecules III: Use DNA-like interactions to make 

other shapes

One can 

“program” to form 

different shapes

Stripes

Rosettes

Nano-1 Nano-1 Wang tiles

• Wang tiles (Gruenbaum and Shephard, Tilings and Patterns, Freeman, NY 1986)

• Programmable interactions

• The colours have to match

2 different tiles 4 different tiles



Nano-1

DNA based 

programmable 

nanostructures 

using double 

cross-over 

structures

• Wang tiles (Gruenbaum and Shephard, Tilings and Patterns, Freeman, NY 1986)

• Programmable interactions

• The “colours” have to match

Nano-1

Folding DNA to create nanoscale 

shapes and patterns

Rosemund, Nature 440 (2006)  297.

DNA origami

Allows aperiodic self-assembled nanostructures

Nano-1
Gold nanoparticles

• Size 13nm

Not aggregated:

red

Aggregated:

blue

Nano-1
• Self-organization 

due to specific 

recognition

• Color change

Single stranded DNA

Au colloids not aggregated

Red

Hybridized DNA

Au colloids aggregated

Blue

DNA hybridization is reversible.

DNA interconnects can be broken

and reassembled

Gold nanoparticles + DNA
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Supramolecules II: Coordination bonds

• Selected metal cations 

can form well defined 

bonds, i.e. coordination 

bonds
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Self-assembly and supramolecular chemistry 

toolboxes for nanoscience

• Rational design

– Aim at certain function

• Select suitable molecules so that 

they can self-assemble and/or form 

supramolecular structures

– In this way one starts to build 

larger units, approaching the 

microworld

• Use the knowledge on the toolbox: 

components and their interactions

• Bottom up nanoscience

• Examples given

Nano-1
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One can form a molecular shuttle that runs between two stops.

The driving signal is electron transfer or withdrawal.

Therefore reduction/oxidation-driven molecular switches can be built

Molecular shuttle

Stoddart et al. Nature 369 (1994), 133

Terminal stoppers 

prevent dissociation

Electrostatic repulsion

Nano-1
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Layer-by-Layer deposition (I)

• Use charged surfaces

• Use oppositely charged polymers i.e. 

polyelectrolytes in solutions

• Not all of the ionic groups of the 

polymer are used for compensation 

of the surface charge, therefore the 

charge is overcompensated

Nano-1

Layer-by-Layer deposition (II)

• Examples of polyelectrolytes Polyanions:

Negatively charged

Polycations:

Positively charged

Nano-1

• The thickness of the coating 

behaves smoothly as a function 

of number of layers

• The properties analyzed by

– Ultraviolet and visible 

spectroscopy (absorption)

– Quartz crystal microbalance

– Neutron scattering

– X-ray reflectivity

– Ellipsometry

Layer-by-Layer deposition (III)

Nano-1

• Colloidal particles of sizes 200 nm 

to 10 um

– Melamine-formaldehyde 

colloidal particles

– Slightly crosslinked

– Positively charged acidic 

conditions due to aminic 

groups

– Decompose under very acidic 

conditions: pH < 1.6

• Layer-by-Layer deposition of 

polyelectrolyte layers

• The colloidal particle dissolved off

– Note that the surface polar and 

eg. polystyrene nonpolar, 

therefore different solvents for 

the layer and core

• Washing the residuals

• Note that the surface layer 

somewhat permeable for low 

molecular weight compounds

Layer-by-Layer deposition (IV)

Möhwald et al. Prog. Polym. Sci (2004)  987
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Layer-by-Layer deposition (V)

• Analysis

– Scanning electron 

microscopy

– Transmission electron 

microscopy

– Atomic force microscopy

• Colloidal particles 3.3 um

• The emptied hollow 

capsules 4.0 um

Nano-1

Layer-by-Layer deposition (VI)

Artificial nacre (helmiäinen) 

Nanostructured seashell-like material

made from:

• anionic clay mineral nanosheets

• cationic polymer

Kotov et al. Nature Materials (2003) 413
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Photonic crystals and dielectric stacks

• Block light transmission 

completely or incompletely

• Need long periodicity,

approaching the optical 

wavelength, i.e. 100-200 nm

– Not straightforward

• Need sufficient dielectric 

contrast, i.e. difference in the 

refractive index

– Not straightforward

• Need sufficiently good global 

structure with less defects

– Not straightforward

Thomas et al, Ryan et al

Joannopoulos et al

Nano-1

Valkama et al., Nature Materials (2004) 3 872-876.

Ruokolainen et al., Science (1998) 280 557-560.

Photonic bandgap switching
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Valkama et al., Nature Materials (2004) 3 872-876.

Photonic bandgap switching

Nano-1
T

Towards drug release 

from self-organized 

polymer capsules

Nano-1 Nano-1

Soft lithography
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Nano-1

Final comments: Many of the natural 

materials have hierarchical order

Could it be interesting to learn new 

synthesis schemes for hierarchical 

order to achieve functions

DNA

proteins

cellulose

Nano-1

Selection of the length scales for hierarchical self-assembly

Ruokolainen, Mäkinen, 

Torkkeli, Mäkelä, Serimaa, ten 

Brinke, O. Ikkala, Science, 280, 

557 (1998).

Ikkala & ten Brinke

Science 2002, 295, 2407.

Mezzenga,  Ruokolainen, 

Fredrickson, Kramer, Moses, 

Heeger, Ikkala, Science, 299, 

1872 (2003).

Ikkala & ten Brinke

Chem Comm 2004, 2131

Valkama, Kosonen, 

Ruokolainen, Haatainen, 

Torkkeli, Serimaa, ten Brinke, 

and Ikkala, Nature Materials, 

2004, 3, 872

with Stamm et al

with Monkman et al

with Faul et al

Kramer and 

Fredrickson et al

or

lithography
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Nanotechnology and nanoscience:

Several driving forces  towards the “small”

• Evolutionary nanotechnology

– High packing density eg. in electronics (presently below 

1000 Å structures)

– Reduced power consumption?

– Increased speed in signaling

– More or less predictable future (roadmaps generated, 

Moore´s law)

• Revolutionary nanotechnology and nanobiotechnology

– The nanoscale structures may have completely new 

properties

• E.g. metal clusters, macroscopic quantum effects

– Functional materials based on biological principles

• Self-organization, their hierarchy, and mutual phase 

transitions

• Recognition leading to physically bonded complexes 

which can control assembly and function

• Free-energy management to control movement, 

signaling etc.

• Not only in aqueous solution but more typically in 

solid phase.

• Unforeseen applications

– Genuinely multidisciplinary This slide adapted from G Whitesides
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