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MWt = 6358.34
(3,4,5)312G3-CH2OH

i

(77%)

1) iv (100%)

2) v, 80! C, 20 h
      (50%)

1) iv (95%)

2) v, 90! C, 4 h
      (73%)

1) ii (91 %)

2) iii (88%)
(3,4,5)12G1-CO2CH3

MWt = 689.12
(3,4,5)212G2-CO2CH3

MWt = 2113.43

i

(93%)

i

(91%)

(3,4,5)312G3-CO2CH3
MWt = 6386.35

MWt =661.11

MWt = 2085.42

(3,4,5)412G4-CO2CH3
MWt = 19205.1

(3,4,5)12G1-CH2OH

(3,4,5)212G2-CH2OH
      R: n-C12H25

(3,4,5)12G1-COOH
MWt = 675.10

(3,4,5)212G2-COOH
a = 68.3 Å, µ = 12

(3,4,5)312G3-COOH
MWt = 6372.3

a = 79.2 Å, µ = 6

(3,4,5)412G4-COOH
a = 84.0 Å, µ = 2

Percec’s Dendrimers
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Rational Design of Geometry
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New Materials
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Antimicrobials

New Materials
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Antimicrobials

Hole: 14.5Å

Nanopores and Nanoreactors

New Materials
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Self-Assembly of Lattices

Pm3n Symmetry
A15 Lattice
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Self-Assembly of Macromolecular Assemblies
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restricted conformational entropy 

hard-core repulsion 

Qualitative Pair Interaction
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Phenomenological Free Energy
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Hard Core
Bulk Free Energy

Phenomenological Free Energy
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Hard Core
Bulk Free Energy

Soft Corona
Interfacial Free Energy

Phenomenological Free Energy
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Positional or Bulk Entropy

Triangular LatticeSquare Lattice
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Voronoi or Wigner-Seitz Cells

Positional or Bulk Entropy

Triangular LatticeSquare Lattice
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Positional or Bulk Entropy

Voronoi or Wigner-Seitz Cells
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Positional or Bulk Entropy

Voronoi or Wigner-Seitz Cells

Free Volume

S= kBln V
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Positional or Bulk Entropy

Voronoi or Wigner-Seitz Cells

Free Volume

S= kBln V

10



11



Johannes Kepler (1571-1630)
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BCC FCC A15

Lattices
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Zentsuji, Japan

Cube Packing
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Error Correcting Codes
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(1,1,1)

Error Correcting Codes

(0,0,0)

Sphere Packing (Shannon)
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(1,1,1)

Error Correcting Codes

(0,0,0)

Sphere Packing (Shannon)
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Packing Density Depends on Dimension!

Sloane, Documenta Mathematika, Vol. III (1998) 387
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•FCC has more entropy than HCP
•Global, not local

Bulk Free Energy

F=-TS

19



Hard Core
Bulk Free Energy

Soft Corona
Interfacial Free Energy

Phenomenological Free Energy
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Minimizing the Perimeter
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Area = hard cores + matrix of coronas 

Minimizing the Perimeter
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Area = hard cores + matrix of coronas 

Area= perimeter x thickness

Minimizing the Perimeter
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Joseph Antoine Ferdinand Plateau (1801-1883)
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Four-End 
Handled

Catenoid
Costa-
Hoffman-
Meeks

Scherk’s 
First 
Surface

Minimal Surfaces

Graphics from MSRI - http://www.msri.org/publications/sgp/
© 1998, James T. Hoffman and MSRI 
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Neovius

Schwartz P Diamond

Gyroid

Minimal Surfaces

Graphics from MSRI - http://www.msri.org/publications/sgp/
© 1998, James T. Hoffman and MSRI 
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William Thomson Lord Kelvin (1824-1907)
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Kelvin’s Problem

What regular partition of space into cells of equal 
volume has minimal surface area?  

1943: Hexagon best polygon
1999: Honeycomb best (Hales) 
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Orthic Tetrakaidecahedra
or decatetrahedra

Rhombic Dodecahedra

BCC

FCC

Kelvin’s Conjecture (1887)

Thomson, Phil. Mag. 24 (1887) 503
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Weaire and Phelan’s Conjecture (1994)

Smaller than 
Kelvin’s!

A15

Weaire & Phelan, Phil. Mag. Lett. 69 (1994) 107
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BCCFCC A15

+0.7% -0.3%

The Numbers
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Interfacial Free Energy
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Interfacial Free Energy
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Percec’s Dendrimers

Intermicellar Potential

U=
2lNkBT

d
N: 	 chains per micelle
d: 	 thickness of chain matrix
l: 	 Flory-like parameter

transition l entropy per chain

BCCFCC - 0.1R 0.5kB

A15BCC- 0.3R 1.5kB
at melting point
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Diblock Copolymers

32



Diblock Copolymers

Graphics from MSRI - http://www.msri.org/publications/sgp/
© 1998, James T. Hoffman and MSRI 
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Diblock Copolymers

Spherical Micelles Voronoi Cells
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Uniform Interface Curvature    vs.   Uniform Domain Thickness

- As φ→0, interface ignores
  shape of unit cell due to 
  high curvature

- As φ→1, tension
  imposed by of cell wall is
  propagated to interface

Frustration in Diblocks (Strong Segregation)
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Free Energy: Tension vs. Stretching

finterface =
4πR2Ã
4
3
πR3

∼
Ã

R

fstretch =

∫
dΩ R5(Ω)

4
3
πR3

∼ ĨR2

Grason, DiDonna & RDK, Phys. Rev. Lett. 91(2003) 
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BCC

FCC

A15

5.345

5.315

5.297

+0.91 %

+0.34 %

Weaire & Phelan, Phil. Mag. Lett. 69 (1994) 107

Interfacial Energy

Area: A/V2/3
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Free Energy: Tension vs. Stretching

finterface =
4πR2Ã
4
3
πR3

∼
Ã

R

fstretch =

∫
dΩ R5(Ω)

4
3
πR3

∼ ĨR2
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Packing
maximize the inradius of

     the Voronoi Cell

Covering
minimize the circumradius

of the Voronoi Cell

Lattice Problems

Channel Coding
minimize the error

P = 1 - N ! ee
"

-x /2#2

Quantizing
minimize the “moment”

Vol(!)
(d+2)/d

G(!)=
!
" 2x

d
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G(∏)

BCC

FCC

A15

0.0787

0.0785

0.0787

+0.26 %

+0.26 %

Stretching Energy
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BCC

FCC

A15

G(∏)

0.0787

0.0785

0.0787

Final Energy

Area 

5.345

5.315

5.297

Free Energy

Grason, DiDonna & RDK, Phys. Rev. Lett. 91(2003) 

40



BCC

FCC

A15

G(∏)

0.0787

0.0785

0.0787

Final Energy

Area 

5.345

5.315

5.297

Free Energy

1.077  
+0.61%

1.072  
+0.14%

1.071

Sphere energy: 1

Grason, DiDonna & RDK, Phys. Rev. Lett. 91(2003) 
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Self-Consistent Field - Linear

Matsen & Schick, PRL 72 (1994) 2660
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SCFT Results for Miktoarm Diblock Copolymers

As number of arms 
grows, region of 
stable A15 phase 

grows larger

Grason & Kamien, Macromolecules 37 (2004) 7371.
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Experimental System
F.T.M.N., and J.W.), Deutsche Forschungsgemeinschaft
(H.F. and B.E.), the Engineering and Physical Sciences Re-
search Council (H.W. and R.R.K.) and the NSF (F.W.). Part
of the experimental equipment was supplied by La Vision
GmbH.
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Mesophase Structure-Mechanical
and Ionic Transport Correlations in
Extended Amphiphilic Dendrons

B.-K. Cho,1* A. Jain,1* S. M. Gruner,2 U. Wiesner1†

We have studied the self-assembly of amphiphilic dendrons extended with
linear polyethylene oxide (PEO) chains and their ion complexes. Keeping the
dendron core and linear PEO chain compatible allows for the combination of
dendritic core-shell and conventional block copolymer characteristics for com-
plexmesophase behavior. An unexpected sequence of crystalline lamellar, cubic
micellar (Pm3n), hexagonal columnar, continuous cubic (Ia3d), and lamellar
mesophases is observed. Multiple phase behavior within single compounds
allows for the study of charge transport and mechanical property correlations
as a function of structure. The results suggest an advanced molecular design
concept for the next generation of nanostructured materials in applications
involving charge transport.

The generation of supramolecular structures by
self-assembly of molecular building blocks has
become a powerful tool in designing enhanced
material properties (1, 2). Molecular engineer-
ing of the interface in microphase-separated
domains is believed to be a key to the precise
manipulation of supramolecular structures. To
this end, a variety of molecular building blocks
with rod (3), disk (4), and linear (5) type archi-
tecture have already been combined. Recently,
dendrimers and their segments, dendrons, have
fostered scientific interest as another class of
building blocks. They are attractive because
their particular shape introduces curved inter-
faces and because large numbers of functional
groups can be readily introduced into a single
molecule (6–8). Their unique structural features
might lead to phase behavior that is quite
different from that of conventional linear
building blocks (9). Indeed, the dendrimer/
dendron-periphery interface has been system-
atically controlled by either tethering differ-
ent generations or periphery groups (10–12),
and micellar structures with complicated lat-
tices have been found in benzyl ether–based
dendrons as a function of temperature (13,
14). Despite theoretical predictions of a rich
phase behavior (15), observed phases to date
reveal only lamellar, columnar, or micellar
packing. In particular, the existence of three-
dimensional (3D) cubic network structures

important for potential applications has not
been demonstrated.

Here we report on third-generation am-
phiphilic dendrons extended by linear poly-
ethylene oxide (PEO) chains synthesized as
described in (16). Although several mole-
cules with varying PEO molecular weights
were studied, we will focus on two com-
pounds, 1 and 2 (Fig. 1), which exhibit mul-
tiple phases that combine the behavior of
linear block copolymers with that of dendritic
systems. The mesophases were accessible
through temperature changes and include
crystalline lamellar (k1, k2), micellar (mc),
hexagonal columnar (hex), continuous cubic
(cc), lamellar (lam), and disordered (dis).
Molecular masses of compounds 1 and 2
were determined to be 4600 and 7500 g/mol
by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spec-
trometry. Based on these molecular masses
and the density of each block, the hydrophilic
volume fractions ( f ) were calculated to be
0.41 and 0.62 for 1 and 2, respectively. Poly-
dispersities (Mw/Mn) from MALDI-TOF
mass spectrometry and gel permeation chro-
matography (GPC) were found to be less than
1.05. In contrast to most previous combina-
tions of coil-dendron systems, the interface of
these linearly extended dendrons is modeled
in the middle of the dendritic structure rather
than at the focal point (17–20). The hydro-
philic part is composed of linear PEO plus a
PEO-like dendritic core, whereas the hydro-
phobic fraction consists of eight docosyl pe-
ripheries (21, 22). In this way, structural fea-
tures of phase-separated dendritic core-shell
architectures are combined with the ability to

fine tune volume fractions through simple
linear chain extension. Furthermore, linear
and branched chain topologies are combined
within one domain of the microphase-sepa-
rated material.

Thermal behavior of compounds 1 and 2
was studied by differential scanning calorim-
etry (DSC) and transitions corroborated by
dynamic mechanical spectroscopy (DMS)
and temperature-dependent small-angle x-ray
scattering (SAXS). The results are summa-
rized in Table 1. DSC was run at a rate of
10°C/min, and transition temperatures were
determined at peak maxima. Isochronal tem-
perature step measurements at a frequency of
0.5 rad/s and shear amplitude in the linear
regime (!2%) were performed on an ad-
vanced rheometrics expansion system
(ARES) to identify the melting temperatures
of the docosyl peripheries, order-order tran-
sitions (OOTs), and order-disorder transitions
(ODTs). In DSC data, 1 and 2 show two

Department of Materials Science and Engineering and
2Department of Physics, Cornell University, Ithaca NY
14853.
*These authors contributed equally to this work.
†To whom correspondence should be addressed.
E-mail: ubw1@cornell.edu
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Fig. 1. Molecular architecture of extended am-
phiphilic dendrons 1 and 2. Oxygen-containing
segments are shown in red. (Top) Schematics
of the type of molecular packing in different
mesophases along with the respective dimen-
sions consistent with SAXS data analyses and
molecular models (red, hydrophilic parts; gray,
hydrophobic parts). The schematics are meant
to illustrate aspects of the local packing behav-
ior only.

R E P O R T S

10 SEPTEMBER 2004 VOL 305 SCIENCE www.sciencemag.org1598

F.T.M.N., and J.W.), Deutsche Forschungsgemeinschaft
(H.F. and B.E.), the Engineering and Physical Sciences Re-
search Council (H.W. and R.R.K.) and the NSF (F.W.). Part
of the experimental equipment was supplied by La Vision
GmbH.

Supporting Online Material
www.sciencemag.org/cgi/content/full/305/5690/
1594/DC1
Materials and Methods
Figs. S1 to S8

Tables S1 and S2
References

17 May 2004; accepted 30 July 2004

Mesophase Structure-Mechanical
and Ionic Transport Correlations in
Extended Amphiphilic Dendrons
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We have studied the self-assembly of amphiphilic dendrons extended with
linear polyethylene oxide (PEO) chains and their ion complexes. Keeping the
dendron core and linear PEO chain compatible allows for the combination of
dendritic core-shell and conventional block copolymer characteristics for com-
plexmesophase behavior. An unexpected sequence of crystalline lamellar, cubic
micellar (Pm3n), hexagonal columnar, continuous cubic (Ia3d), and lamellar
mesophases is observed. Multiple phase behavior within single compounds
allows for the study of charge transport and mechanical property correlations
as a function of structure. The results suggest an advanced molecular design
concept for the next generation of nanostructured materials in applications
involving charge transport.

The generation of supramolecular structures by
self-assembly of molecular building blocks has
become a powerful tool in designing enhanced
material properties (1, 2). Molecular engineer-
ing of the interface in microphase-separated
domains is believed to be a key to the precise
manipulation of supramolecular structures. To
this end, a variety of molecular building blocks
with rod (3), disk (4), and linear (5) type archi-
tecture have already been combined. Recently,
dendrimers and their segments, dendrons, have
fostered scientific interest as another class of
building blocks. They are attractive because
their particular shape introduces curved inter-
faces and because large numbers of functional
groups can be readily introduced into a single
molecule (6–8). Their unique structural features
might lead to phase behavior that is quite
different from that of conventional linear
building blocks (9). Indeed, the dendrimer/
dendron-periphery interface has been system-
atically controlled by either tethering differ-
ent generations or periphery groups (10–12),
and micellar structures with complicated lat-
tices have been found in benzyl ether–based
dendrons as a function of temperature (13,
14). Despite theoretical predictions of a rich
phase behavior (15), observed phases to date
reveal only lamellar, columnar, or micellar
packing. In particular, the existence of three-
dimensional (3D) cubic network structures

important for potential applications has not
been demonstrated.

Here we report on third-generation am-
phiphilic dendrons extended by linear poly-
ethylene oxide (PEO) chains synthesized as
described in (16). Although several mole-
cules with varying PEO molecular weights
were studied, we will focus on two com-
pounds, 1 and 2 (Fig. 1), which exhibit mul-
tiple phases that combine the behavior of
linear block copolymers with that of dendritic
systems. The mesophases were accessible
through temperature changes and include
crystalline lamellar (k1, k2), micellar (mc),
hexagonal columnar (hex), continuous cubic
(cc), lamellar (lam), and disordered (dis).
Molecular masses of compounds 1 and 2
were determined to be 4600 and 7500 g/mol
by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spec-
trometry. Based on these molecular masses
and the density of each block, the hydrophilic
volume fractions ( f ) were calculated to be
0.41 and 0.62 for 1 and 2, respectively. Poly-
dispersities (Mw/Mn) from MALDI-TOF
mass spectrometry and gel permeation chro-
matography (GPC) were found to be less than
1.05. In contrast to most previous combina-
tions of coil-dendron systems, the interface of
these linearly extended dendrons is modeled
in the middle of the dendritic structure rather
than at the focal point (17–20). The hydro-
philic part is composed of linear PEO plus a
PEO-like dendritic core, whereas the hydro-
phobic fraction consists of eight docosyl pe-
ripheries (21, 22). In this way, structural fea-
tures of phase-separated dendritic core-shell
architectures are combined with the ability to

fine tune volume fractions through simple
linear chain extension. Furthermore, linear
and branched chain topologies are combined
within one domain of the microphase-sepa-
rated material.

Thermal behavior of compounds 1 and 2
was studied by differential scanning calorim-
etry (DSC) and transitions corroborated by
dynamic mechanical spectroscopy (DMS)
and temperature-dependent small-angle x-ray
scattering (SAXS). The results are summa-
rized in Table 1. DSC was run at a rate of
10°C/min, and transition temperatures were
determined at peak maxima. Isochronal tem-
perature step measurements at a frequency of
0.5 rad/s and shear amplitude in the linear
regime (!2%) were performed on an ad-
vanced rheometrics expansion system
(ARES) to identify the melting temperatures
of the docosyl peripheries, order-order tran-
sitions (OOTs), and order-disorder transitions
(ODTs). In DSC data, 1 and 2 show two
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